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An introduction to the chemistry of macrocycles is given. This includes 
discussion on the factors which contribute to the macrocyclic effect. The important 
role of macrocycles in biological systems is outlined, with a more detailed account 
given of the use of macrocyclic coordination complexes as models for naturally 
occurring metalloenzymes. An account is given of the selective uptake and transport 
of metal ions by macrocycles. 
The development of synthetic routes to thioether macrocycles is reviewed, 
with emphasis on innovative improvements. The synthesis of the ligands 
Me[9]aneNS 2 , HOC[9]aneNS2, CH3CH2[9]aneNS2, CH30C[9]aneNS2, 
C6H5CH2 [9]aneNS 2  and C6H5OC[9]aneNS2 are reported. 
The complexes of palladium and platinum with thioether and azacrown 
macrocyclic ligands are reviewed with emphasis on the relationship between 
stereochemistry and redox chemistry. 
The synthesis and structural determination of the palladium(II) complexes of 
the type [Pd(R[9]aneNS2)2] 2  (R = H, CH3 , Ts) are reported. The complex 
[Pd(Me[9]aneNS2)2](PF6)2 exhibits a unique geometry with the Pd' bound to a square 
plane of S-donors, Pd - S = 2.322(2), 2.312(2) A, and interacting apically to the 
two N-donors, Pd" N = 2.768(5) A. This is the first complex to exhibit potential 
apical Pd N interactions of this type. The electrochemistry of these complexes is 
very different. [Pd([9]aneNS 2)2]2  shows two chemically-reversible, one-electron 
oxidations at E ½  = +0.43 V and +0.84 V (vs. Fc/Fc) and the intermediate Pd' 
species giving an ESR spectrum with g 11 = 2.008, gj = 2.058. 
{Pd(Me[9]aneNS 2)2]2 exhibits two irreversible oxidations at E1 = +0.61 V and 
+ 1.08 V (vs Fc/Fc), but the intermediate product is ESR silent, suggesting possible 
dimerisation of the Pd species. The complex [Pd(Ts[9]aneNS2)2]2  shows no 
oxidative redox chemistry. 
The synthesis 	of the compounds 	[Pt([9]aneNS 2 ) 2 ](PF 6 ) 2 , 
[Pt(Me[9]aneNS2)2](PF6)2 and  [Pt(Ts[9]aneNS2)21(PF6)2  are reported. The single 
crystal X-ray structure of [Pt([9]aneNS2)2](PF6)2  shows it to be isostructural with its 
Pd' analogue with the Pt" metal centre in a square planar geometry, bound to two 
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N-donors, Pt - N = 2.069(4) A, and two S-donors, Pt - S = 2.301(1) A, and 
interacting apically to the two remaining S-donors, Pt - S = 3.076(1) A. Of these 
three complexes only [Pt([9]aneNS2)212 is redox active, exhibiting a chemically-
reversible, two-electron oxidation at E½ = +0.38 V (vs Fc/Fc). The complexes 
[Pd(R' [9aneNS2)2](PF6)2 (R' = HOC, CH 30C, CH3CH2 , C6H5OC and C 6H5CH,) 
have also been synthesised. 
An introduction to the effect of counterions on the conformation of metal 
macrocyclic complexes is given. The single crystal X-ray structural determinations 
of [Pt([ 1 0]aneS 3)2] (PF6)2 , {Pt([ 1 0]aneS 3) 2] (BF4)2 , [Pt([9]aneS3)2] (BPh 4) 2 and 
[Pd([9]aneNS2)2}(PF6)2 are reported and show that the cation geometry in the 
complexes [Pt([ 10]aneS 3) 2] 2  , [Pt([9]aneS3)2J2 + and [Pd([9]aneNS 2)2] 2  + is not affected 
by changing the counterion. The electrochemistry of [Pt([10]aneS3)2 ]21  shows a 
chemically-reversible, two-electron oxidation at E½ = +0.35 V (vs Fc/Fc). The 
intermediate Pt' species gives an ESR spectrum with g_ L = 2.062 and g11 = 1.989. 
Backgrounds to the techniques of EXAFS and "'Pt nmr are given. The results 
of studying [Pt([9]aneS3)2] 2  and [Pt([12]aneS 4)} 2 by EXAFS suggests that the 
interaction between the metal centre and the apical S-donor seen in the solid state is 
also present in solution. The chemical shift values obtained from the complexes 
studied by "'Pt nmr appear to be dependant on the conformation of the ligands 
around the metal ion. The single crystal X-ray structural determination of 
[Pt([1 6]aneS4)IJ  (PF6) 2 is reported. 
The reaction of one equivalent of a tridentate macrocycle with MC1 2 (M = 
Pd, Pt) results in a complex of the type [M([n]aneX 3)C12] (n = 9, 10; X = N, S). 
Structural determinations have been carried out on the complexes [Pd([10]aneS 3)Cl 2] 
and [Pd([9]aneNS 2)C12]. The complexes [Pd(Me[9]aneNS,)C11], [Pt([9]aneNS2)C 12], 




1.1 General Introduction 
Interest in the chemistry of macrocyclic ligand complexes has increased 
greatly in the last 25 years.' This has been aided by improved synthetic routes to 
many macrocyclic ligands, 2 leading to the study of complexes with most elements, 
particularly the transition metals.' The attention gained by these macrocyclic ligand 
complexes is due to their enhanced stability over their open-chain analogues, with 
this increased stability allowing unusual electronic or stereochemical constraints to 
be imposed on the metal ion centre. It can also extend the lifetime Of unusual 
oxidation states, with the flexibility of macrocyclic ligands easing the modification 
of coordination modes with changes in oxidation states.' 
1.2 The Macrocydic Effect 
Thennodynamic considerations 
The first report of the inacrocyclic effect was made in 1969 by Cabbiness and 
Margerum, 5 who noted that the stability constant of a macrocyclic copper complex 
was greater than would be expected based solely on the chelate effect. The 
macrocyclic effect refers to the decrease in Gibbs Free Energy (AG = AH + TAS) 
for the metathesis reaction shown in Figure 1 . 1 . 6 
n+ 	
n+ 
X) CX X 	 CX\/ X X) 
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Figure 1.1: Metathesis Reaction 
Both the enthalpic and entropic terms contribute to the macrocyclic effect, 
and their relative importance varies between systems. In 1974, Hinz and Margerum 7 
experimentally determined thermodynamic parameters for the complex formation of 
Ni' with the open-chain ligand N, N'-bis(2-amino- 1, 3-ethyl)-propanediamine (2,3,2-
tet) and the macrocyclic ligand 1,4,7,1 1-tetraazacyclotetradecane (cyclam, 
1 
[14aneN4), in aqueous solution. These ligands are shown in Figure 1.2. Their 
results indicated that the most significant contribution to the macrocyclic effect was 
enthalpic. In contrast, studies by Kodoma and Kimura' on a Cu' system with tetraaza 
ligands seemed to show that the entropic term is the major factor (Table 1.1). Thus, 
variations of metal and ligand will lead to differences in relative enthalpic and 






Figure 1.2: The Ligands 2,3,2-tet and Cyclam 
Complex log KML AH (kcalmol 1 ) AS (kcalK 1 mol) Ref. 
[Ni(2,3,2-tet)] 2 15.8 -19.4 7.2 7 
[Ni([14]aneN4)] 2 22.2 -31.0 -2.0 7 
[Cu(trien)] 2 " 20.0 -21.6 19.5 8 
[Cu([12]aneN4}2 24.8 -18.3 51.4 8 
(a)  trien is NN'-bis(2-aminoethyl)-1,2-ethanediamine, shown in Figure 1.3. 
Table 1. 1: Thermodynamic Data for Some Macrocyclic and Open Chain 
Complexes of Cu' and Ni' 
NH RN 	 NH RN 
H2 	H2 
Figure 1.3: The Ligands trien and [12]aneN 4 
2 
The relative solvation energies of the open-chain and macrocyclic ligands is 
one of the important factors contributing towards the enthalpic term of the 
macrocyclic effect. Therefore the enthalpic term is very dependent upon the system 
under study and the experimental conditions employed. Hinz and Margerum 
recognised that the less compact, open-chain ligands generally have higher solvation 
energies than the macrocyclic ligands. Thus, the forward reaction in Figure 1.1 has 
a favourable enthalpic term, due to the release of the open-chain ligand into 
solution.' -. 
The entropic term is influenced mainly by the relative flexibilities of the 
open-chain and macrocyclic ligands, as both metal complexes in Figure 1. 1 will have 
similar entropies due to their limited flexibilities. The macrocyclic ligand is less 
flexible and so has fewer internal degrees of freedom than its open-chain analogue. 
Therefore, the most significant contribution to entropy is thought to be the relative 
gain in conformational entropy of the open-chain ligand upon decomplexation.' ° 
Kinetic Considerations 
Complexes of macrocyclic ligands generally show greater thermodynamic 
stability than their open-chain analogues, and are also more kinetically inert. This 
is due to lower formation and, especially, dissociation constants for cyclic systems." 
Measurement of formation and dissociation constants for the complexation of open-
chain and macrocyclic ligands with Cu', shown in Equation 1. 1, affords a value for 
the stability constant, K, as shown in Equation 1.2. 
Ligand k1 (M's') kd (s') K (M') 
2,3,2-tet 8.9 x 10 4.1 2.17 X 10 
meso-Me6[14]aneN4 5.8 X 10 2 3.6 x iO 1.61 x 10 
TTT(a) 4.1 x 105 3.0 x 104 13.7 
[14]aneS 4 2.8 x 104 9 3.11 x iO 
'me ligancis I1!' and 14Jane 4 are shown in I'Igure 1.4. 
Table 1.2: Kinetic Data for Some Macrocyclic and Open Chain Complexes of Cu 11 
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Figure 1.4: The Ligands 'FF1' and [14]aneS 4 
Table 1.2 shows that the dissociation constant, kd, for the Cu' complex of the 
macrocycle meso-Me6 [14]aneN4 is much lower than the Cu' complex of the 
corresponding linear ligand 2,3,2-tet. 12 Similarly, the Cu' complex of [14]aneS 4 has 
a lower dissociation constant than the Cu 11 complex of 'I7T. 13 Thus indicating that 
the stability constants of macrocyclic complexes are lower than the stability 
constants of complexes with linear ligands. 
The dissociation of complexes of open-chain ligands takes places by means 
of an 'unzipping' mechanism, with the ligand being displaced from the metal ion by 
solvent molecules. This process starts at one end of the ligand and proceeds around 
the ligand replacing each donor with solvent molecules,' 4 as shown in Figure 1.5. 
In acidic medium, the ligand donors are protonated and are no longer able to 
coordinate. This process is much more difficult for a macrocyclic ligand complex, 
as the macrocycle has to be deformed before the bonds to the metal ion are 
weakened and eventually broken (Figure 1.6). This causes the overall dissociation 
rate for the macrocyclic complex to be lowered relative to the open-chain complex. 
This leads to much greater overall stability constants for the macrocyclic ligand 









Figure 1.5: The Dissociation of Open-Chain Ligands 
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Figure 1.6: The Dissociation of Macrocyclic Ligands 
Reorganisation and Preorganisation 
Macrocyclic ligands may have a further advantage over open-chain ligands, 
namely their ability to incorporate a pre-organised cavity appropriate for coordination 
to a metal ion. The insertion of a metal ion into a preformed cavity is energetically 
more favourable than the insertion of a metal ion into an open-chain ligand, distorted 
from its minimum energy linear configuration.' 
In order to bind a metal ion in the cavity of a macrocyclic ligand all the lone 
pairs of electrons on the donor atoms need to be directed into the cavity, i.e. be 
endodentate. In the free, unbound state, the ligands [10]aneS 3 ,' 5 [12]aneS4 ,' 6 
[14]aneS4 ,'7 [16]aneS4 16 and [15]aneS 5 16 show all exodentate S-donors, with the lone 
pairs pointing out of the cavity (Figure 1.7). [18]aneS 6 has four of the six S-donors 
exodentate, with The remaining two endodentate.' 6 
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Figure 1.7: The Orientation of the Lone Pairs of Selected S-donor Macrocycles 
Complexes have been reported with the macrocycles retaining their exo 
configuration. For example, [18]aneS6  acts as a bidentate bridging ligand in 
[Ru,(C5Me5)1 C11 ([18]aneS 6)] 2 and retains its exo configuration (Figure 1.8).18  If 
[18]aneS 6 is to coordinate a metal centre within its cavity, then the exodentate S-
donors must change their configuration (Figure 1.9). Thus, reorganisation of the 
ligand is required for this type of complexation to occur. 
Figure 1.8: Crystal Structure of [Ru 2(C5Me5)2C12(118JaneS 6)1 2 
Figure 1.9: Endo Conformation of [18]aneS 6 
Conformational change is not required by all macrocycles prior to 
coordination. For example, all three S-donors of the thioether macrocycle [9]aneS 3 
are endodentate,' 9 with the lone pairs of the S-donors pointing towards the potential 
coordination sites of the metal ion (Figure 1.10). In addition, the nine-membered 
ring is a good size to coordinate facially to a metal ion centre. In principle, no 
conformational energy is required to rearrange this ligand to bind to metal ion 
centres, explaining in part the stronger complexes of [9]aneS 3 compared to other 
th ioether macrocycles. 
7 
Figure 1.10: Endo Conformation of [9]aneS 3  
Diminished Macrocyclic Effects 
Consideration must be given to the matching of the cavity size between a 
macrocyclic ring and the metal ion. If there is a serious mis-match, the macrocyclic 
effect will be diminished due to weakening of the M-L bond and/or increased ring 
strain. An example of this occurs in the complex [Pd([9]aneS3)2]2.2°  The tridentate 
ligand [9]aneS3  is prearranged to bind facially to an octahedral metal centre, but Pd' 
is a d 8  metal centre and prefers a square planar geometry. The resultant complex, 
{Pd([9]aneS3)2J2, is a compromise between the tendency of the ligand to bind 
facially, and the favoured square planar geometry of Pd". Figure 1.11 shows that the 
Pd" is bonded to four S-donors in a square-planar arrangement, with the two 
remaining S-donors interacting apically. 
Figure 1.11: Crystal Structure of [Pd([9]aneS3)2] 2 
Another example of strained geometry is seen in the complex 
{Pd([12]aneS 4)] 2 . The complex {Pd([12]aneS 4)] 2 has the Pd" ion lying 0.038 A 
above the S 4 plane, 2 ' whereas the complex with the larger ring [14]aneS 4 shows the 
Pd" metal ion lying in the plane of the four S-donors' (Figure 1.12). The out-of-
plane Pd complex has a more strained geometry, and would be expected to be less 
energetically favourable. 
Figure 1.12: Crystal Structure of [Pd([12]aneS 4)] 2 
Further examples of structures exhibiting strained geometries are found in the 
series of gold complexes of [9]aneS 3 , with gold in the oxidation states + 1 and +3. 
The complex [Au([9]aneS 3) 2] has a strained geometry, shown in Figure 1.13. The 
Au' centre exhibits a distorted tetrahedral stereochemistry, bound asymmetrically to 
all three donors of one ligand, Au - S = 2.35(1), Au S = 2.733(8), 2.825(8) A, 
and to only one of the thioether donors of the other macrocycle, Au - S = 2.302(6) 
A. This structure is a compromise between the preferred linear geometry of Au', a 
d'° metal centre, and [9]aneS 3 , a tridentate, facially coordinating ligand. Au" is a d 8 
metal centre, and in common with the complex [Pd([9]aneS 3)2]2 , [Au([9]aneS 3)2J' 
shows a tetragonally distorted geometry at the Au m centre, shown in Figure 1.14. 
Four of the S-donors coordinate to the Au" in a square plane, Au - S = 2.348(4), 
2.354(4) A, with the remaining two donors interacting apically, Au S = 2.926(4) 
A. Again, this is a compromise between the preferred square planar geometry of 
Au' and the facially coordinating [9]aneS3  ligand.'2 These strained gold complexes 
can be contrasted with the structure of Au" with [9]aneS 3 . There is a relatively good 
fit between the requirements of the metal ion and the ligand, leading to the formation 
of a stable d 9 radical. The structure of the complex [Au([9]aneS3)2J 2  shows the Au" 
centre coordinated to all six thioether donors in a Jahn-Teller distorted octahedron, 
Au - S = 2.452(5), 2.462(5), 2.839(5) A, shown in Figure 1. 15.23 
Figure 1.13: Crystal Structure of [Au({9}aneS 3)
2
] 
Figure 1.14: Crystal Structure of [Au([9]aneS 3) 2] 3 
Figure 1.15: Crystal Structure of {Au([9]aneS3)2J2 
1.3 Biological Systems 
Metal ions are involved in all aspects of life. The cations K and Mg2 are 
bulk intracellular species, while Na, Ca 2+,  Zn2  and many transition metals are 
essential metals, although present at lower levels. All of these cations have a variety 
of functions, some not yet fully understood. They are known to be highly effective 
catalysts of a range of biochemical processes, while transition metals, notably iron 
and copper, are important catalysts of biological redox processes. 24 Metal-containing 
proteins involved in electron transfer include the cytochromes, Fe-S cluster proteins, 
such as ferrodoxins and rubredoxins, and the 'blue' copper proteins, such as azurin. 
10 
There are several reasons why transition metal ions are such good catalysts. They 
can adopt a variety of alternative coordination numbers and an assortment of 
geometries, so easily undergo changes in coordination number and geometry during 
redox processes. Transition metals have a range of accessible oxidation states to 
allow the ready transfer of electrons, while the redox potential of transition metal 
couples can be varied considerably, in a controlled manner, by changing the 
coordination environment: 
Macrocyclic ligands, in the form of tetrapyrrole ligands, are found in a range 
of metalloenzymes with different functions. These include the cytochromes 25 which 
are electron transport agents, and hemoglobin and myoglobin 26 which transport 
oxygen, all containing heme porphyrins. A representation of the heme group is 
shown in Figure 1.16. Vitamin B 12 is a cobalt-binding corrin which acts as a 
substrate modifier, 27 and chlorophyll, a magnesium-containing porphyrin, is involved 
in photosynthesis 28 . Factor 430 is a nickel-binding. corphin, and a co-factor of 
methanogens. 29 The core structures of these enzymes are shown in Figure 1.17. 
coo 
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Figure 1.17: Core Structures of the Enzymes Vitamin B 1 2, Chlorophyll and 
Factor 4' )0 
The Entatic State in Metalloproteins 
Structural studies have shown the presence of distorted geometries around the 
metal in some metalloenzymes. In 1968, Vallee and Williams 30 suggested that this 
may be related to the catalytic efficiency of the enzyme, with the protein forcing the 
metal to adopt a geometry corresponding to the transition state of the reaction being 
catalysed. Examples of this entatic state are found in the azurins; 3 ' blue copper 
12 
proteins which act as electron transport agents in the respiratory chains of certain 
bacteria. During electron transfer, in which the copper centre cycles between Cu' 
and Cu', the protein enforces a highly distorted tetrahedral structure upon the copper 
centre (Figure 1.18).32  The bond angles differ by up to 500  from those of a regular 
tetrahedron. Electron transfer is facilitated by a compromise between the preferred 
geometries of Cu' (tetrahedral) and Cu' (square planar). The ligand groups also 
represent a compromise between Cu' and Cu', with binding to two sulphur donor 
atoms and two imidazole nitrogen atoms. 33 Reduction potentials of the àzurins are 
relatively high compared with aquocopper(II) (Table 1.3), and reflect the 
environment of the metal ion in its distorted, entatic state. 
Complex Redox Potential (mV) 
,4lcaligenes denitrificans +276 
Alcaligenes faecalis S-6 +266 
- 	 Pseudomonas aeruginosa +308 
[Cu(H20)6] 2 +153 
Table 1.3: Reduction Potentials of Some CO-Containing Proteins 
13 
Figure 1.18: Structure of an Azurin 
Macrocyclic Ligand Complexes as Models for Metalloproteins 
Understanding the function of the metal in naturally occurring 
metalloenzymes is a major challenge. By incorporating the known structural 
information of these metalloenzymes, models can be made and a greater 
understanding of the role of the metal attained . 31 By mimicking the ligation and 
geometry of the active site, spectroscopic, redox and other properties may be 
reproduced. For example, it is thought that a model for the azurin metalloproteins 
would lead to a greater understanding of entatic states in electron transfer reactions. 
In order to achieve this, Addison 3' and Rorabacher 37 have attempted to isolate and 
quantify the individual factors contributing to redox behaviour by studying a series 
of Cu' complexes with 14-membered macrocyclic ligands of the type [14]aneS X N(X)  
(Table 1.4). They found that substitution of a thioether donor for an amine donor 
leads to an increase in E. The changes in redox behaviour are paralleled by a shift 
14 
in the absorption spectrum to longer wavelengths as the number of S-donors is 
increased. Notably, the stability constants for the Cu' complexes decrease markedly 
with increasing numbers of S-donors, with the stability constants of the Cu' 
complexes remaining the same. This indicates that the increase in E. can be 
attributed to the destabilisation of the Cu ll state, due to the relatively weak 
interactions with the thioether donors, rather than to any stabilisation of the Cu' state 
by S-donor coordination. 
Ligand 





(Cu'L) L(nrn){c (M'cm')} 
[14]aneS4 0.58 4.34 12 390 (8000), 570(1900) 
[14]aneNS3 0.38 9.25 13.6 365 (7700), 550 (1000) 
[14]aneN2S2 0.04 15.26 13.9 337 (7600), 530 (640) 
[14]aneNSSN -0.01 15.72 13.5 335 (7300), 530 (780) 
[14]aneNSNS - 15.15 - 356 (7800), 545 (780) 
[14]aneN3 S -0.24 ca. 20 13.7 315 (3900), 510 (330) 
[14]aneN4 -0.66 27.2 13.8 255(8200), 510 (90) 
Table 1.4: Observed Data for Some N, 5-Macrocyclic Cu' Complexes 
Factor 430 (Figure 1.16) is a Ni' hydrocorphin and the prosthetic group of 
methyl coenzyme M reductase. It is found in methanogenic bacteria, where it 
catalyses the reductive cleavage of S-methyl coenzyme M to coenzyme M and 
methane, in the final step of the reduction of CO 2 to methane. 38 It has also been 
shown 31  that the Ni' form of Factor 430M is an efficient catalyst for the reductive 
cleavage of methyl sulphonium salts to methane and thioethers. By modelling Factor 
430 with 14-membered tetraazamacrocyclic complexes, catalysts for H 204° and CO,4 ' 
reduction have been developed. For example, Sauvage and coworkers have 
demonstrated that [Ni([14]aneN 4)]2 , and the related complex [Ni 2 ([14]aneN4) 2] 2 , 
15 
adsorbed on a mercury electrode, are extremely efficient catalysts for the reduction 
of CO2 to CO in water. 42 Fujita et a143 have found a range Ni' complexes of 
tetraazamacrocycles which bind CO at a fifth coordination site, the same geometry 
found in Factor 430 reduction. 
The Zn11 ion often constitutes the active centres of hydrolytic 'zinc enzymes', 
where zinc atoms are designed by nature to generate nucleophiles (e.g. 0H, R0 or 
H-) to attack at electrophilic centres, such as carbonyl C and phosphate P 8 k. 
These zinc enzymes include carbonic anhydrase and alcohol dehydrogenase.' 
The active site of carbonic anhydrase is based on a zinc metal centre 
surrounded by three histidine ligands, and an approximate tetrahedral coordination 
is thought to be completed by a coordinated watermolecule, shown in Figure 1. 19. 
The function of this enzyme is to catalyse the hydration and dehydration of carbon 
dioxide (Equation 1.3). Kimura et a146 have reported that complexes of Zn 11 with 
[12]aneN3 and its derivatives show very similar properties to that of the active site 
of the enzyme, with a tetrahedral geometry and similar PK a values. 
Figure 1. 19: Structure of Carbonic Anhydrase 
1120 + CO2 HCO3 + H 
Equation 1.3 
16 
The alcohol dehydrogenase enzymes catalyse the hydride transfer from 
alcohols to nicotinamide adenosine dinucleotide (NAD) and the reverse hydride 
donation from reduced NAD (NADH) to carbonyls. The X-ray crystal structure 
shows the Zn11 tetrahedrally coordinated to two cysteine S-donors, one histidine N-
donor and a water molecule, shown in Figure 1.20. It has been reported that the pK, 
values for the binding of the H 20 molecule to the Zn 11 centre varies from 9.2 in the 
free form, to 11.2 upon the binding of NADH and to 7.6 in the binary complex with 
NAD, found after hydride transfer. Kimura has found that the complex 
[Zn([12]aneN 3)H1O]2 (Figure 1.21) has a PK a of 7.3, similar to that of the alcohol 
dehydrogenase-NAD complex. Furthermore, the complex [Zn([12]aneN 3)H20] 2 
catalyses the hydride transfer from alcohols to the carbonyl of an aldehyde, 
specifically from 2-propanol to p-nitrobenzaldehyde, shown in Equation 1.4. A 
NAD 4 model compound, N-benzylnicotinamide chloride, was also found to undergo 
hydride transfer from 2-propanol in the presence of [Zn([12]aneN 3)H20J2 t This 
work has shown the significance of the Lewis acidity of Zn 11 , and the requirement 
of an open steric coordination sphere around the Zn 11 in the forward hydride-transfer 
reaction catalysed by alcohol dehydrogenase. 
Figure 1.20: Structure of Alcohol Dehydrogenase 
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CR0 	 CH20H 	 CH(OR)2 
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LR0H L> 	 L) 
NO2 	 NO2 	 NO2 
Equation 1.4 
Figure 1.21: Crystal Structure of [Zn([12]aneN 3)H10]2 
The use of macrocycles in these simplified approaches has led to a greater 
understanding of the roles that metals play in naturally occurring metalloproteins and 
enzymes. 
1.4 Selective Uptake and Transport of Metal Ions 
In vitro 
The separation of chemical species is considered a mature technology, with 
well characterised methods such as reverse osmosis, ion exchange and precipitation 
available for major separations. However, over the last twenty-five years, an 
increased awareness of the problems of metals in the environment, together with 
industrial needs for higher purity materials, has resulted in demands for more 
selective and more effective separation systems. 47 The selective separation of metal 
ions can be aided by the use of macrocycles, which can be very cation specific. 
Macrocyclic compounds can be used to separate and enrich ions in two types 
of metal ion transportation - solvent extraction and transport through a membrane.4 
Solvent extraction is used to separate one particular cation from a mixture of 
cations. It usually employs a two-phase system - an aqueous phase containing the 
cations, and an organic phase containing the macrocyclic compound (Figure 1.22). 
The cation to be transported is selectively extracted into the organic phase by the 
macrocycle, from which it can later be stripped chemically or electrochemically. 
Extraction involves ion-pair formation between the cationic macrocyclic complex and 
the counter-ion. The strength and solubility of the complex formed between 
individual cations and the macrocycle will determine which cation will be extracted, 
with the complex with the highest stability constant usually being selected. 49 
(Ml)aq 	 Lorg 
(M21)aq 	 [M2Lorg] 
Aqueous Phase 	Organic Phase 
Figure 1.22: Two-Phase Solvent Extraction 
Membrane transport utilises a three-phase system - an aqueous source phase 
containing the cations to be separated, an organic membrane phase containing the 
ligand, and a second aqueous phase to receive the cations (Figure 1.23). The 
macrocycle acts as a carrier by taking over the ion as an ion-pair at the 
source/organic interface, carrying it through the membrane as a complex, and 
discharging it at the organic/receiving interface. The carrier then shuttles back, and 
the process repeated until an equilibrium concentration of the transported ions in both 
aqueous phases is reached. The strength of the complex formed between the cation 
and the macrocycle must be neither too high nor too low. If the stability is too low, 
then uptake in the source phase will be inhibited. Conversely, when highly stable 
complexes are formed, there will be a reluctance of the carrier to release the cation 
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into the receiving phase. 5° 
Lorg 
(M11iaq - 	 - 	- (M11)aq - 
[MLorgP1+ 
Aqueous Source 	Organic Membrane 	Aqueous Receiving 
Phase 	 Phase 	 Phase 
Figure 1.23: Three-Phase Membrane Transport 
In vivo 
Bacteria have been found to use macrocycles containing 0-donors as iron 
sequestering agents across cell walls. As bacteria have very little storage capacity for 
iron, they must constantly acquire nutrients, and nature has developed a class of 
compound to transport iron across cell walls. In cases of iron deficiency, the bacteria 
excrete these siderophores into their environment to complex iron, which is then 
transferred across the cell walls into the bacteria. 51 The biological necessity for the 
production of siderophores by microorganisms derives from the almost irreplaceable 
role of iron in almost every oxidation and reduction process in a cell, combined with 
the near-insolubility of iron hydroxide at physiological pH. Only good chelators, 
such as the siderophores, can mobilise the iron and transport it into the cell. These 
siderophores are chemically varied, but generally consist of a macrocyclic 
framework with 0-donor side arms to chelate the iron atom, for example, 







Figure 1.24: Structure of Enterobactin 
The siderophore enterobactin was first described in 1970,52  and is the cyclic 
triester of 2,3-dihydroxybenzoyl-L-serine. In 1976, Raymond et a!53 established the 
geometry of the Fern  core as a distorted octahedron (Figure 1.25). The iron-deficient 
bacteria excretes the siderophore into its environment to complex Fern,  the complex 
is then transported back across the cell wall, and the Fern  released into the cell, 







Figure 1.25: Structure of the Fe' Complex of Enterobactin 
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Model compounds of enterobactin, based on catechol-containing groups, have 
been prepared. These tricatechols are able to encapsulate the Fern  ion in an 
octahedral cavity analogous to that of enterobactin. Models include the pendant aim 
macrocycle 1,5, 9-N,N',N' '-tris(2 , 3-dihydroxybenzoyl)- 1,5, 9-triazacyc1otridecane 4 
(CYCAM), and a benzene-based ligand 1,3 ,5-N,N',N' '-tris(2,3-
dihydroxybenzoyl)triaminomethylbenzene, (MECAM). These ligands are shown in 
Figure 1.26. Both of these models have been found to strongly bind Fe'. The 
formation constants, log K1'  are given in Table 1.5.55 




Table 1.5: Formation Constants of Models of Enterobactin with F e rn 
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Figure 1.26: Structures of CYCAM and MECAM 
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The siderophores are not the only naturally occurring macrocycles which are 
used to transport metal ions in vivo. Compounds such as valinomycin and nonactin 
(Figure 1.27) are produced by microorganisms to transport potassium  4256  and exhibit 
antibiotic activity. The antibiotic nature of these compounds arises because they 
promote changes in cellular content and membrane function, thus interfering with the 
normal working of the cell. They transport potassium across cell walls by binding 
the cation at the membrane surface, followed by diffusion of the complexed cation 
across the membrane to the opposite surface, where it is released. 57 
o j'~rH o1 
0~ )o 	 0 
Figure 1.27: Structures of Valinomycin and Nonactin 
Valinomycin is one of a number of cyclic peptides which form especially 
stable complexes with potassium. The potassium complex has the 36-membered ring 
arranged such that potassium is coordinated to six inwardly pointing ester carbonyl 
groups, forming an octahedral array around the central atom, with the structure 
stabilised by a series of intra-ligand hydrogen bonding (Figure 1.28).58 
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Figure 1.28: Crystal Structure of the K Complex of Valinomycin 
Nonactin also forms complexes with the alkali metal ions, and again 
preferentially complexes the K ion. The stability constant for K is over 200 times 
greater than that of Nat 39 The structure of the potassium complex of nonactin 
indicates that the cation is contained in the macrocyclic cavity with the cyclic 
molecule twisted so that it resembles the seam of a tennis ball (Figure 1 . 29) . 6 
Figure 1.29: Crystal Structure of the K Complex of Nonactin 
Macrocycles as Transport Agents 
The search for synthetic macrocyclic transport agents originated from the 
discovery of the first crown ether dibenzo[18]aneO 5 (Figure 1.30) published in 1967 
. 6 ' Following the original accounts, reports of the syntheses of new by Pedersen  
crowns and crown-like molecules proliferated. A typical property of these systems 
is their ability to form stable complexes with alkali metal and alkaline metal earth 
ions, reminiscent of the behaviour of the naturally occurring antibiotics. In common 
with these antibiotics, crown ether compounds often exhibit remarkable selectivity 
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for particular ions. For small ring crowns, enhanced binding tends to occur when the 
ionic radius of the cation matches the cavity size of the crown in a flat conformation. 
For example, [18]aneO 6 has an estimated radius of 1.38 A and forms its strongest 
complex with K, whose ionic radius has also been estimated as 1.38 A (Figure 
1.31).62 Similarly, the small Li will fitinto the tighter ring of[12]aneO 4 , the larger 
Na will go into the wider [15]ane05 and C? fits inside [21]aneO 7 . 63 
ao  
Figure 1.30: Structure of Dibenzo[18]aneO 6 
Figure 1.31: Crystal Structure of [K([18]aneO 6)] 
The selectivity observed for many crown ethers has led to varied applications 
in analytical chemistry, including reagents in solvent extraction, ion-selective 
electrodes, membrane transport aids and as attachments to polymeric supports to 
yield chromatographic materials for metal ion separation. 42 These polyether crowns 
can be used to extract alkali metals from aqueous media into organic solvents, with 
extraction efficiencies of up to 78% being found in simple two-phase systems. 4 A 
three-phase membrane system was used by Lamb et a1 to measure the transport 
properties and selectivity of a range of macrocyclic ligand carriers. They report that 
the transport of N?, K, Rb, C?, Ca 2 , Sr2 and Ba2 can be achieved by 
selecting the appropriate macrocyclic carrier. This has led to macrocyclic carriers 
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being adopted into various membrane transport systems - bulk liquid membranes, 
supported liquid membranes and supported monolayers. 65 
The specificity of macrocyclic compounds can be changed by incorporating 
different donor atoms into the ring. Substitution of the 0-donors of the crowns for 
N-donors leads to selective complexation of the first row transition metal ions, with 
second- and third-row transition metal ions selectively complexed on substitution by 
S-donors. 
Kimura et a166 have found that dioxocyclam, shown in Figure 1.32, 
complexes only Cu',' Ni 11 , 68 Co11 , 69 Pd11 , 7° and Pt11 , 68 forming stable crystalline solids 
of the type [ML] ° , and that on the addition of acid the complex decomposes with 
complete recovery of the metal ion and the dioxocyclam. The stability Constants for 
these complexes are shown in Table 1.6. 
metal ion stability constant Ref. 
Cu' 1.0 66 
Ni" -5.5 67 
Co' -11.4 66, 68 





Figure 1.32: Structure of Dioxocyclam 
As the Cu' complex has a larger stability constant, and its formation is 
kinetically faster than the other complexes, a Cu'-selective membrane transport 
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system could be devised. Kimura et at65 have also been able to devise ligand systems 
which accommodate only Pd' and Pt' metal ions, but not Cu', Ni' or Co'. These 
discriminating macrocyclic ligands are composed of S-donors and amide functions 
and are shown in Figure 1.33. They have been found to remove Pt' from cisplatin 
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Figure 1.33: Structures of S, N-Macrocycles Exhibiting Selectivity 
Gold is another metal whidh can be selectively extracted, in the form A um . 
Cyclam, and cyclam derivatives have been found" to selectively bind Au' in acid 
solutions in the presence of Cu', Fern,  Co' and Pd'. The results show that up to 
81 % of the gold can be selectively extracted into a second aqueous phase. 
Solvent extraction is a well established process in hydrometallurgy, and since 
the mid-1960's, has been used on a commercial scale to recover copper from 
aqueous solutions. 7 ' Initially, the acid-soluble copper ores are leached using sulphuric 
acid and the copper separated from the other metals present in the leach by solvent 
extraction. The purified copper is then further processed in copper electrowinning 
cells Extractants of the ortho-hydroxyoxime type, shown in Figure 1.34, are 
commonly used in the solvent extraction step. 69 These reagents extract copper by a 
pH dependant cation exchange mechanism, shown in Equation 1.5. Aqueous feeds 
into the extraction process typically contain 1 to 3 g of copper per litre and S to 25 
g per litre of iron, as well as other impurities such as aluminium, magnesium and 
smaller amounts of nickel, cobalt, manganese, zinc and molybdenum. Copper is 
selectively extracted into a solution of an ortho-hydroxyoxime in a hydrocarbon 
diluent. The copper is extracted at low acidity, at pH values of between 1.5 and 2. 
with subsequent back-extraction, or stripping, into an aqueous phase of higher acidir' 
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with the simultaneous regeneration of the free ortho-hydroxyoxime. 72 
OH N OH 
R 
Figure 1.34: Structure of ortho-hydroxyoximes 
Cu2 + 211A -+ CuA2 + 2H 
Equation 1.5 
The selectivity of these ortho-hydroxyoxime reagents for Cu' over Fern  has 
been attributed to the differences in structures of the Cu' and Fern  complexes. 
Copper forms a complex with two ortho-hydroxyoxime ligands, shown in Figure 
1.35, and is essentially square planar .13  The Cu' complex contains two six-membered 
rings, formed by the chelation of the ligands. There are also two five-membered 
rings caused by hydrogen bonding between the ligands. In contrast, iron forms a 
complex with three ortho-hydroxyoxime ligands in an octahedral geometry, so no 
extended planar ring formation can take place. 7° As a result, it appears that the 
stability of the Fern  complex is lower than that of the Cu' complex, - which enables 
the extraction of copper to be carried out at pH values lower than those required for 
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Figure 1.35: Structure of Cu' Complex of Ortho-hydroxyoxime Ligands 
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With the formation of planar complexes, similarities can be seen between the 
chemistry of the ortho-hydroxyoxime ligands and that of the well-developed area of 
Schiff bases. The most extensively studied Schiff bases are the derivatives of 
salicylaldimine (Sal, Figure 1.36) and NN'-bis(salicylidene)ethylenediamine (Salen, 
Figure 1.37). The first complex of this type to be synthesised is thought to be 
[Cu(Sal) 2], which was isolated in 1840. The corresponding Salen derivatives were 
first synthesised in 1931 by Dubsky and Sok6l. 76 Complexes of Sal are known for 
almost all the transition metals. Most transition metal complexes are of the 2:1 type, 
and form planar geometries around the metal centre, with the ligands coordinated 
13 trans to each other, shown in Figure 
JLII 
Figure 1.36: Structure of Sal 
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Figure 1.38: Structure of 2:1 Complexes of Sal 
29 
Complexes of Salen with the first row transition metals show that planar 
complexes are formed, and that there are interactions between the metals of adjacent 
molecules. In fact, the structure of {Cu(Salen)} is dimeric, 78  with the Cu of one unit 
bonded to an oxygen atom of the other unit, resulting in five-coordinate Cu centres 
in a square-based pyramidal geometry, as shown in Figure 1.39. 
Figure 1.39: Crystal Structure of [Cu(Sa1en)] 2 
The Fern  complex of Salen can, in the solid state, exist either as a monomer 
or a dimer, depending on the nature of the solvent used in crystallisation . 79 The 
stability constant of the complex [Fe(Salen)] has been determined, 80  and found to 
have a value of 7. 1 X 1025 dm3mol', indicating a very stable complex, comparable 
with the complex [Cu([12]aneN4)]2 . 8 
Recent research has extended the scope of extractants from ortho-
hydroxyoximes to include dioximes, an example shown in Figure 1.40. These may 
dimerise (Figure 1.40), and on coordination of two metal ions give pseudo-
macrocyclic binuclear complexes (Figure 1.41).81 This property is again reminiscent 
of the chemistry of the Schiff bases. 82 
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Figure 1.40: Structure of Dioximes 
Figure 1.41: Structure of Pseudo-Macrocyclic Complexes of Dioximes 
Macrocyclic compounds have been developed which can be used to separate 
mixtures of metal ions. By changing the types of donor atoms of a macrocyclic 





The development of reliable, high yield routes to the synthesis of thioether 
macrocycles has proved challenging. The first synthesis of a thioether macrocycle 
was reported in 1934 by Meadow and Reid with [18]aneS6 formed as a by-product 
during the synthesis of polymers. The yield of the macrocycle was very low, less 
than 2%. In 1974 Ochrymowycz and co-workers improved the yield to nearly 33% 85 
but their route required the use of a mustard gas as an intermediate. A safer route 
to thioether macrocycles came with the adoption of high dilution techniqiIes. Under 
high dilution conditions, cyclic products are favoured over polymer products, leading 
to improved yields of thioether macrocycle. 4  The discovery by Buter and Kellogg of 
the use of a template in the cyclisation reaction has revolutionised the synthesis of 
thioether macrocycles.2a.86  For example, [18]aneS 6  can be synthesised with yields of 
80%, using Cs1CO3 as a template. 
Initial attempts to synthesise thioether macrocycles systematically were made 
by Busch and Rosen in 1969. Their scheme was based on the reaction of sodium 
mercaptans with alkanes disubstituted with leaving groups, under conditions of high 
dilution, as shown in Figure 2.1. This led to the synthesis of [12]aneS 3 , [12]aneS4 
and [13]aneS4 in yields of.3, 4 and 16% respectively. This route was also used by 
Ochrymowycz et al.2a  In 1974, he published the syntheses of a series of thioether 
macrocycles based on the reactions of the disodium salt of dimercaptan and the 
appropriate disubstituted alkane. These reactions gave poor yields of the desired 






Figure 2.1: Reaction of Sodium Mercaptans with Disubstituted Alkanes 
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In the early 1980's, work carried out by Buter and Kellogg changed the 
approach to this problem. 86 They found that the Cs salts of dithiols react with 
dihalides in DMF to give macrocyclic thioethers in much improved yields. For 
example, Ochrymowycz had previously reported the synthesis of [12]aneS 4 with a 
yield of 6.3% 89  With the adoption of the Cs 2CO3 template method, Buter and 
Kellogg reported the synthesis of [12]aneS 4 with a yield of 88%•5b  Current theory 
suggests that the thiols are deprotonated by the C0 32 ion, leading to the formation 
of cesium thiolates, which are reasonably soluble in DMF. Subsequent high dilution 
cyclisation of the cesium thiolate with a dihalide gives the desired thioether 
macrocycle in much improved yields. This template method has now been 
successfully adapted to a wide range of thioether macrocycle syntheses. 88 
Other developments have been made in the syntheses of thioether 
macrocycles, and a brief history of the progress is given below. 
2.2 Development of Routes to Cyclic Thioethers 
2.2.1 Routes to [9]aneS 3 
The first reliable synthesis of [9]aneS3  was reported by Ochrymowycz et al 
in 1977,89  with the ligand being isolated in 0.04% yield. The macrocycle was the 
product of the reaction of the disodium salt of 3-thiapentane-1,5-dithiol with 
dichioroethane in ethanol. An improved method was published in 1985 by Glass et 
al, 9° which used the bis(benzyltrimethylammonium) salt of 3-thiapentane-1,5-dithiol 
with dichloroethane under high dilution conditions, shown in Figure 2.2. This 
synthesis improved the yield of [9]aneS 3 to 4.4%. The next significant increase in 
yield was published in 1984 by Sellmann and Zapf, 91 who found that the cyclisation 
of [9]aneS 3 could be improved to give a yield of 60% by templating the reaction with 
the MO(CO)3  fragment (Figure 2.3). Adaptation by Cooper et at92 of the 
Cs1CO3/DMF methodology developed by Buter and Kellogg led to a one-pot 











Figure 2.2: The Glass Synthesis of [9]aneS3 
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Figure 2.3: The Synthesis of [9]aneS 3 using Mo(CO)3 as a Template 
2.2.2 Synthesis of [10]aneS 3 
The synthesis of [lO]aneS 3 was published in 1989 by Grant et a193 and follows 
the method of Cooper. 92 Thus, the reaction of 3-thiapentane-1,5-dithiol with 1,3- 
dichloropropane in the presence of Cs2CO 3 and DMF gives [lO]aneS 3 in 18% yield. 
This reaction is shown in Figure 2.4. 
Figure 2.4: The Synthesis of [10]aneS 3 
9T, 
2.2.3 Synthesis of [12]aneS 4 and [14]aneS 4 
The first published synthesis of [12]aneS 4 was by Rosen and Busch in 1970, 
via the reaction of the disodium salt of 3,6-dithiaoctane-1,8-dithiol with 1,2-
dibromoethane in ethanol. This gave [12]aneS 4 in 4% yield. The yield was improved 
to 6.3% in 1974 by Ochrymowycz, 89 who reacted the disodium salt of 3-thiapentane-
1,5-dithiol with 1,5-dichloro-3-thiapentane inbutanol, shown in Figure 2.5. In 1981, 
Buter and Kellogg 86 incorporated [12]aneS 4 as one of their examples for the much 
improved synthesis using Cs 2CO3/DMF. Their yield of 88 % was from the reaction 
of 3,6-dithiaoctane-1,8-dithiol with 1,2-dibromoethane, shown in Figure 2.6. 
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Figure 2.5: The Ochrymowycz Synthesis of [12]aneS 4 
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Figure 2.6: The Synthesis of [12]aneS 4 using the Cs2CO 3 Template Method 
The reaction of 1,9-dichloro-3,7-dithianonane with the sodium salt of 1,3-
propanediol in ether and butanol was reported to give [14]aneS 4 in 22.1 % yield by 
Ochrymowycz in 1977. Again, this yield was improved to 76% by Buter and 
Kellogg 86  using 3,7-dithianonane-1,9-dithiol and 1,3-dibromopropane with the 
Cs1CO3/DMF method. 
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2.2.4 Synthesis of [ 1 8]aneS6 
The first synthetic route to [18]aneS 6 was published in 1934 by Meadow and 
Reid." They found the reaction of sodium ethanedithiolate with dibromoethane gives 
the cyclic hexamer [18]aneS 6 with a yield of 1.7%. In 1969, Black and McLean 14  
improved the yield of [18]aneS 5 to 31 % by reacting the disodium salt of 3-
thiapentane-1,5-dithiol and 1,2-dibromoethane in ethanol under high dilution 
conditions. In 1974 Ochrymowycz 89 developed a synthesis that yielded [18]aneS 6 at 
32.8% by using a mustard gas derivative, the disodium salt of 3-thiapentane-1,5-
dithiol, and 1,1 3-dichloro-4,7, 10-trithiatridecane (Figure 2.7). The advances made 
by Buter and Kellogg allowed Cooper et a185 to synthesise [18]aneS6  in 76% yield 
- using the Cs 2CO3 template method. 
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Figure 2.7: The Ochrymowycz Synthesis of [18]aneS 6 
2.3 Cyclic Ligands incorporating Mixed N- and S-donors 
There has been much interest recently in cyclic ligands with mixed 
N, S-donor sets. 3" Many studies have been carried out with macrocyclic ligands 
containing only one kind of donor atom - either all amines or all thioethers, for 
example [9]aneN33c  or  [9]aneS3.3a  Little is known of macrocyclic ligands containing 
mixed N, S-donor sets. This is probably due to the development of routes to these 
mixed N, S-donor ligands being synthetically challenging, even more so than the 
thioether macrocycles discussed in Section 2.2. 
The synthesis of [18]aneN,S 4 was first reported by Black and McLean in 
1968, who reported a yield of less than 5%. In 1970, an improved yield of 45% 
was reported by Lehn et a116 using a route employing high dilution techniques, but tD 
incorporating the use of mustard gas derivatives. This route was also used by Lehn 
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and coworkers in 1985 to synthesis [12]aneN 2S2 in high yield. 97 The synthesis of the 
smaller mixed donor macrocycle [9]aneNS 2 was not published until the 1990 1 s. 98 " 
Interest in these mixed donor macrocycles is due to the presence of hard N-
donors and soft S-donor atoms in close proximity in the ring. ' 0 ' These mixed donor 
ligands may generate complexes that mimic the active sites of certain redox-active 
metal lop roteins, the donor sets of which are made up of both N- and S-donors. They 
may also show novel metal ion selectivity properties, as the metal ion to be 
complexed will be a compromise between the preferences of hard N- and soft S-
donors. 
2.3.1 Synthesis of [9]aneNS, 
The first synthesis of [9]aneNS 2 was reported in a communication by Parker 
et a!98 in 1989, and simply states that reaction of N-(p-toluenesulphonyl)-3-aza-
pentan-1,5-dithiol with 1,2-dibromoethane in DMF in the presence of Cs2CO 3 
afforded Ts[9]aneNS 2 with a yield of 43% (Figure 2.8). Detosylation with HBr-
AcOH-PhOH gave the deprotected amine in a yield of 73 %. Parker later published 
a fuller account in 1990. 99 McAuley and Subramanian also reported a similar 
synthesis for Ts[9]aneNS 2 in 1990, '°° using slightly different experimental conditions, 
to give a yield of 59%. A summary of these differences in experimental conditions 
is shown in Table 2.1. McAuley used orthophosphoric acid and phosphorus 
pentoxide for the detosylation step resulting in a 50% yield of the amine. 
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Figure 2.8: The Parker and McAuley Synthesis of [9]aneNS-, 
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Author McAuley Parker 
Equivalents of Cs3CO3 2.6 1.1 
Reaction Temperature (°C) 40 55 
Rate of Addition (ml/hr) 10-12 33 
Reaction Time after Addition (hr) 4 6 
Yield of Ts[9]aneNS 2 (%) 59 43 
Table 2.1: Summary of Experimental Conditions for the Synthesis of [9]aneNS, 
In Edinburgh we have tried to repeat these published syntheses without much 
success. The cyclisation step has proved to be very sensitive to reaction conditions, 
and the product elusive! The cyclisation reaction has been repeated many, many 
times with the yield of Ts[9]aneNS2  increasing gradually from 0% to 30% after 
many months of work. The main product of the reaction is a malodorous yellow 
polymer, suggesting that polymerisation rather than cyclisation is taking place, even 
though the reaction is carried out under high dilution conditions. 
We have attempted several different routes to synthesise Ts[9]aneNS 2 . These 
have included the adaption of the synthesis of [10]aneNS2102  (see Section 2.3.2), with 
the reaction of the tritosylate salt of diethanolamine and ethanedithiol (Figure 2.9). 
This was an unreliable synthesis, with yields varying from 0 to 25 %. Other routes 
attempted include the reactions between the tritosylate salt of diethanolamine and the 
disodium salt of ethanedithiol, the dibromo salt of tosylated diethanolamine with 
ethanedithiol, and the disodium salt of tosyl-3-aza-penta-1,5-dithiol and 
dibromoethane. These reactions are given in Figure 2. 10, with more detail in the 
Experimental Section, 2.6.1. All of these routes have proved unreliable, with 
occasional high yielding reactions interspersed with low yielding reactions. We have 
found that the optimum reaction is our adaptation of the synthesis of [10]aneNS,, 
with the tritosylate of diethanolamine and ethanedithiol. The reaction is best carried 
out in freshly-opened DMF in the presence of two equivalents of oven-dried Cs2CO3 
at a strictly controlled temperature of 60°C, with a rate of addition of 40 cm' per 
hour, followed by an 8 hour reaction period. These reaction conditions give the 
highest,. most consistent yields. The detosylation step was found to proceed 
smoothly, with consistent yields of around 70% using the HBr-AcOH-PhOH method. 
In conclusion, although a difficult reaction, the product Ts[9]aneNS 2 can be 
synthesised in yields high enough to make feasible the study of the complexes of the 
ligand [9]aneNS2 and its derivatives. 
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Figure 2.9: The Edinburgh Synthesis of [9]aneNS 2 
OTs 	NaS 







fl SNa 	Br 
Ts—N 	+ TsN 
SNa 	Br  
Figure 2.10: Attempted Routes to the Synthesis of [9]aneNS2 
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2.3.2 Synthesis of [ 1 0]aneNS2 
The synthesis of [10]aneNS2  has been reported by McAuley and 
Chandrasekhar. 102 The reaction of the tritosylate salt of diethanolamine and 1,3-
propanedithiol in DMF, in the presence of Cs 2CO3 resulted in a 65 % yield of 
Ts[ 1 0]aneNS2 (Figure 2.11). 
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Figure 2.11: The Synthesis of [10]aneNS 2 
2.3.3 Synthesis of [18]aneN 2S4 
This ligand was first prepared by Black and McLean in 1968, from the 
reaction of the disodium salt of ethane-1,2-dithiol and di-(2-bromoethyl)amine in 
ethanol at high dilution. The product, white crystalline needles, was formed with a 
yield of 8 %. Lehn et al96 employed high-dilution cyclisation of the appropriate 
dithia-dicarboxylic acid dichloride with the dithia-diamine, followed by reduction of 
the resulting diamide, with an overall yield of 45% of [18]aneN,S 4 (Figure 2.12). 
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Figure 2.12: The Synthesis of [18]aneNS4 
2.3.4 Synthesis of Me2[ 1 8]aneN2S4 
The synthesis of Me2[18]aneN2S4  can be carried out in almost quantitative 
yield from [18]aneN2S4 by standard methylation procedures using formic acid and 
formaldehyde. 113 
2.4 Functionalisation of [9]aneNS2 
Functional isation of the N-donor of the macrocycle [9]aneNS 2 causes the 
nature of the ligand to change. Any substituents on the N-donor will cause the ligand 
to be sterically more challenging. The character of the substituent group will also 
change the basicity of the ligand by varying the hardness of the N-donor. Electron 
- donating groups, such as the methyl group will cause the N-donor to become more 
basic; electron accepting groups, such as amides, will reduce the basic nature of the 
N-donor. 
The methylation of [9]aneNS 2 was carried out in a similar way to the 
methylation of [18]aneN 2S4 (see Section 2.3.4) using formic acid and formaldehyde. 
Other functional isations were found to be nontrivial. Previous work on the 
functional isation of other macrocycles have shown that this is a common problem.' °' 
The benzyl and benzoyl N-functionalisation of [14]aneN 4 was reported in 1985 by 
Tsukube, 105 with the triisopropyl N-functionalisation of [9]aneN 3 being reported by 
Wieghardt et al in 1993.106  The alkylation of [9]aneNS2  based on these routes has 
been attempted, but proved to be low yielding. An alternative approach was taken, 
with the N-donor functionalised to the amide. The amide was then reduced, leaving 
the alkyl group in place. This proved a more successful route. 
2.4.1 Synthesis of Me[9]aneNS 2 
As with the synthesis of Me 2 [18]aneN,S4 , Me[9]aneNS 2 can be prepared 
almost quantitatively from [9]aneNS 2 by standard methylation procedures using 
formic acid and formaldehyde (Figure 2.13). "' Reaction of [9]aneNS 2 with formic 
acid and paraformaldehyde in H 20 yielded a pale yellow solution. This solution was 
basified with NaOH, and partitioned using CHC1 3 . After drying, the organic fraction 
was passed through silica and on evaporation a colourless oil was obtained. The El 
mass spectrum of the product showed a molecular ion at M = 176, which was 
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assigned to Me[9]aneNS 2 . The assignment of this product as Me[9]aneNS, was 
supported by JR spectroscopy and confirmed by 1 H and ' 3C nmr spectroscopy. The 
'H nmr spectrum of the product shows a complex multiplet at 8 = 2.70 - 2.86 ppm, 
corresponding to the 12 protons of the macrocyclic ring. A singlet resonance is seen 
at 6 = 2.34 ppm, assigned to the 3 methyl protons. The ' 3C DEPT nmr spectrum 
shows four resonances, at 6 = 32.5 and 34.6 ppm corresponding to the CH-,S 
groups, at 6 = 59.7 ppm assigned to the CH 2N groups, and at 6 = 44.4 ppm 
assigned to the CH 3 group. 
Hfl HCHO - 	 CH3 N 
HC 02H 	 s> 
Figure 2.13: The Synthesis of Me[9]aneNS 2 
2.4.2 Synthesis of HOC[9]aneNS 2 
[9]aneNS, has been converted to its N-formyl derivative using formic acid 
and acetic anhydride (Figure 2.14), adapting the method of Sheehan and Yang.'° 7 
The reaction of [9]aneNS2 with acetic anhydride in formic acid yielded a pale yellow 
solution. The product was partitioned with CHC1 3 , and after washing and drying, the 
organic fraction was passed through silica. On evaporation, a colourless viscous oil 
was obtained. The El mass spectrum of this product showed molecular ions at M 
= 191 and 163, which were assigned to HOC[9]aneNS 1 and [9]aneNS 2 respectively. 
The product was therefore formulated as HOC[9]aneNS 1 , an assignment that was 
supported by JR spectroscopy and confirmed by 'H and 
' 3 C nmr spectroscopy. The 
'H nmr of this product shows resonances at 6 = 2.68 - 3.56 ppm, a complex 
multiplet assigned to the protons of the macrocyclic ring and a singlet resonance at 
S = 8.14 ppm assigned to the proton of the amide group. The ' 3 C nmr spectrum 
shows resonances at S = 30.3 and 30.9 ppm, corresponding to the SCH2CH2S 
group, at 6 = 31.1 and 37.5 ppm assigned to CH,S, at S = 49.5 and 51.8 ppm 
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Figure 2.14: The Synthesis of HOC[9]aneNS2 
2.4.3 Synthesis of CH30C[9]aneNS2 
By analogy to the formation of HOC[9]aneNS 2 , and modifying the method 
of Mann, 108 CH30C[9]aneNS 2 has been prepared by the reaction of acetic acid and 
acetic anhydride on [9]aneNS 2 (Figure 2.15). The reaction of [9]aneNS2  with acetic 
acid and acetic anhydride resulted in a pale yellow solution. The product was 
extracted into CHC1 3 , and the organic portion washed and dried over MgSO 4 . After 
passing through silica, and removal of the solvent, a colourless viscous oil was 
produced. The El mass spectrum of this product showed a molecular ion peak at M 
= 205, assigned to CH30C[9]aneNS2.  This assignment was supported by a carbonyl 
stretch at 1630 cm' in the JR spectrum, and by elemental analysis. The 'H nmr 
spectrum of the product shows resonances at 6 = 3.40 - 3.78 ppm, a complex 
multiplet assigned to the CH2N groups, at 6 = 2.48 - 2.91 ppm, a complex multiplet 
assigned to the CH 2S groups and at 6 = 2.18 ppm, a singlet corresponding to the 
three methyl protons of the amide. The ' 3 C nmr spectrum shows a resonance at 6 
= 22.4 ppm assigned to the methyl group, with the resonance at 6 = 30.6 assigned 
to SCHICHIS overlapping with one of the CH2S groups, and the other CH2S group 
giving a resonance at 6 = 37.2 ppm, resonances at S = 51.9 and 52.5 ppm 
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corresponding to the CH2N groups, with the amide group giving a resonance at 








Figure 2.15: The Synthesis of CH 30C[9]aneNS 2 
2.4.4 Synthesis of CH3CH2[9]aneNS2 
CH3CH2[9]aneNS2 was synthesised, as shown in Figure 2.16, by reducing 
CH30C[9]aneNS2 using a modification of the hydroboration method reported by 
Parker et al. 109 The reaction of CH30C[9]aneNS2  and BH3 .THF solution in THF 
resulted in a colourless solution. After quenching with MeOH, the solvents were 
removed and the residue refluxed in acid to break down the resultant hydroborane 
complex. After basification, the product was extracted into CHCI 3 , and after washing 
and drying, the organic portion was passed through silica. On evaporation of the 
solvent, a colourless oil was produced. The El mass spectrum of this product showed 
molecular ions at M = 194 and 162, which were assigned to CH3CH1[9]aneNS , 
and [9]aneNS 2 respectively. The product was therefore assigned as 
CH3CH2[9]aneNS2. The assignment of this product as CH 3CH9[9]aneNS, was 
supported by JR spectroscopy, which showed no carbonyl stretch. The 'H nmr of 
this product shows resonances at ö = 2.71 -2.86 ppm, a complex multiplet assigned 
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to the protons of the macrocyclic ring, 5 = 2.57 - 2.51 ppm, a quartet assigned to 
the CH2 group of the functional group, and S = 1.03 - 0.97 ppm, a triplet 
corresponding to the CH 3 group of the alkyl chain. The ' 3C nmr spectrum shows 
resonances at S = 32.9, 34.5 and 57.5 ppm, which correspond to SCHICH.,S, 
S,çHICH2N and SCHH2N respectively. The resonance at S = 12.4 ppm is 
assigned to the methyl group and the final resonance at S = 50.6 ppm corresponding 
to the CH2  group. 
CH3 	r BH3.TKF CH3 CR2 N 
Figure 2.16: The Synthesis of CH3CH1[9]aneNS1 
2.4.5 Synthesis of PhCH2[9]aneNS2 
PhCH2[9]aneNS1  was synthesised by adapting the methodology published by 
Tsukube in 1985 (Figure 2.17).103  The reaction of [9]aneNS1 with benzyl bromide 
in a H20/CHCI3  system in the presence of NaOH yielded a colourless, two-phase 
solution. The organic layer was separated, and then washed and dried over MgSO 4 . 
Evaporation of the solvent resulted in a colourless solid that was purified by 
recrystallisation from CH2C12 - CH 3 0H. As this reaction occurred in low yield, the 
ligand was also synthesised by reducing the amide PhOC[9]aneNS, discussed in 
Section 2.4.6. The hydroboration reduction used in the synthesis of 
CH3CH2[9]aneNS2 (discussed in Section 2.4.4) was adapted and was found to give 
a significantly better yield of PhCH 2 [9]aneNS2 (Figure 2.18). The El mass spectrum 
of this product showed a molecular ion at M' 253, which was assigned to 
PhCH1[9]aneNS. The product was therefore formulated as C6H5CH. , [9]aneNS, an 
assignment that was supported by JR spectroscopy and confirmed by 'H and 
' 3 C nmr 
spectroscopy. The 'H nmr of this product shows a complex multiplet at 5 = 2.66 - 
MI 
2.99 ppm, corresponding to the macrocyclic protons, another complex multiplet at 
S = 7.24 - 7.32 ppm, assigned to the aromatic protons, with the singlet at 3.66 ppm 
assigned to the CH. group. The ' 3C nmr spectrum shows resonances at S = 32.8, 
34.6 and 57.6 ppm assigned to SHH2S, SçH2CH2N and SCHH2
N respectively, 
with the resonances at S = 127.0, 128.1 and 129.0 ppm assigned to the ortho, meta 
and para carbons of the aromatic group. The CH, group corresponds to the 
resonance at ö = 61.8 ppm. 
O 7Br  NaOH 	 S 
H20, CHC 	 U s~11-1 r, 
Figure 2.17: The Direct Synthesis of PhCH 2[9aneNS2 
0 
BH3 .TBF  
TET 
Figure 2.18: The Synthesis of PhCH2[9]aneNS2 by Reduction 
2.4.6 Synthesis of PhOC[9]aneNS2 
The ligand [9]aneNS2 was benzoylated by modifying the method of White, 
published in 1973 (Figure 2. 19)."' The reaction of [9aneNS 2  with benzoyl chloride 
in pyridine yielded a yellow precipitate. This product was extracted into CHCI 3 and 
washed and dried. After passing through silica, the solvent was removed, producing 
a colourless solid that was purified by recrystallisation from CHCI3 - hexane. The 
El mass spectrum of this product showed a molecular ion at M = 267 assigned to 
PhOC[9]aneNS1. Elemental analysis and JR spectroscopy supported the assignment 
of this product as PhOC[9]aneNS2,  which shows a carbonyl stretch in the JR at 1625 
cm'. The 1H nmr of this product shows resonances at 6 = 2.88 - 3.92 ppm, a 
complex multiplet assigned to the 12 protons of the macrocyclic ring. Another 
resonance is seen at S = 7.26 - 7.48, corresponding to the five protons of the 
aromatic ring. The 13C nmr spectrum of the product shows resonances at S = 31.9, 
32.0 ppm due to the SCH 2CH2S groups, at 6 = 32.6 and 37.6 ppm assigned to the 
CH2S groups, at 6 = 50.7 and 52.7 ppm assigned to the CH 2N groups, at S = 
126.7, 128.2 and 129.3 ppm corresponding to the aromatic carbons and at S = 
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- 	Figure 2.19: The Synthesis of PhOC[9]aneNS 9 
2.5 Conclusions 
Although not without problems, [9]aneNS 2 can be synthesised in our 
laboratories using a route that gives the product in reasonable yields. New ligand 
systems based on [9]aneNS 2 have been developed by functionalising the N-donor of 
the macrocyclic ring. Alkylation has led to the development of the new ligands 
Me[9]aneNS, , CH3CH2[9]aneNS , and  PhCH2[9]aneNS,,  with the conversion of the 
N-donor into an amide allowing the novel ligands HOC[9]aneNS,, CH 3OC[9]aneNS, 
and PhOC[9]aneNS2  to be developed. 
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2.6 Experimental Procedure 
2.6.1 Synthesis of Ts[9]aneNS2 
The compound TsN(CH2CH2OTs)2 was synthesised as described by Searle.' 
Method 1 
This is an adaptation of McAuley's method for the synthesis of [lO]aneNS,, 
modified for the preparation of [9]aneNS 2 . Cs2CO3 (26.08 g, 0.08 moles, oven-dried 
at 150°C overnight) was added to freshly opened DMF (2.2 dm 3). The mixture was 
stirred vigorously and heated to 60°C. A solution was prepared containing 
TsN(CH2CH2OTs)2 (22.7 g, 0.04 moles) and 1,2-ethanedithiol (3.77 g, 0.04 moles) 
in DMF (1 dm3) and added to the mixture over a period of 16 hours, using a 
precision dropping funnel. The mixture was stirred at 60°C for a further 6 hours. 
The solvent was removed, and the resulting brown oil taken up in chloroform and 
water (1:1, 100 cm 3). The organic layer was separated, washed with water (10 x 
50 cm3) and then dried over MgSO4 . After drying, the solvent was removed, and the 
resulting colourless oil repeatedly recrystallised from ethanol, resulting in colourless 
crystals of the monotosylate. Yield 3.06 g, 24%. MP 120°C (lit. 122 0 C). 
Method 2 
This is a method adapted from method 1. The tritosyl derivative of 
diethanolamine was reacted with the sodium salt of ethanedithiol. Ethanedithiol 
(6.645 g, 0.07 mol) was added dropwise to a solution of NaH (3.3 g, 0.14 mol) in 
dry DMF (20 cm'). A light grey suspension of NaSCH,CH,SNa formed. The 
tritosylate of diethanolamine (40.05 g, 0.07 mol) in DMF (200 cm 3) was slowly 
added to this suspension. Cs 2CO3 (2 g, 6 x 10 mol) was also added. A brown foam 
appeared in the reaction flask, which dispersed after 2 hours, leaving a dark brown 
solution. The reaction mixture was heated to 70°C and stirred for 48 hours. After 
cooling, the reaction mixture was poured in iced water (1.5 dm3), resulting in a pale 
brown solid and a dark brown oil. The mixture was left stirring for a further 48 
hours, resulting in a dark brown, sticky product. This product was isolated, and 
repeatedly recrystallised from hot EtOH and toluene - hexane. The resultant white 
solid was identified as Ts2[18]aneN2S4by  tic. A small amount of a yellow oily solid 
was isolated, which gave a low yield of Ts[9]aneNS2. 
Method 3 
This reaction was carried out between 
b is(2-bromoethyl)(p-toluenesulphonyl)am me and ethanedith iol. 
Synthesis of TsN(CH2CH2Br)2 
The tritosylate of diethanolamine (67.534 g, 0.119 mol) and NaBr (27.850 
g, 0.27 mol) were dissolved in DMF (100 cm 3) and the mixture heated to 140 °C 
for 3 hours. During the reaction, a voluminous white crystalline solid (NaTs) was 
formed. After cooling, the reaction mixture was poured into iced water (1 dm 3), and 
left standing to leach the DMF. A light brown coloured solid was isolated and 
purified by heating in EtOH with decolourising charcoal, resulting in a white solid. 
This white solid was further purified by recrystallisation from Et 20 - hexane. Yield 
28.7 g, 75%. MP = 64 °C. 
TsN(CH2CH2Br)2 (12.447 g, 0.032 mol) and ethanedithiol (3.024 g, 0.032 
mol) were added over 30 hours to a solution of dry DMF (2 dm 3) and Cs2CO3 
(11.778 g, 0.036 mol). The Cs 2CO3 solution was kept at 60°C, and the reaction 
carried Out under N 2 . After the addition was complete, the reaction mixture was kept 
at 60°C for a further 16 hours. After cooling, the reaction mixture was poured into 
iced water (1.5 dm 3) with vigorous stirring. A white solid and a pale yellow oil were 
produced. Repeated recrystallisations of both these products from hot EtOH resulted 
in Ts[9]aneNS2.  Yield = 300 mg, 8%. 
Method 4 
This method reacted the disodium salt of TsN(CH 2CH2SH), with 
dibromoethane. TsN(CH 2CH2SH) 2 (3.5 g, 0.012 mol) in DMF (10 cm 3) was added 
slowly to NaH (0.7 g, 0.03 mol). A white precipitate formed in an orange coloured 
solution. The volume of this dithiolate solution was increased to 200 cm 3 . Cs2CO3 
(4.9 g, 0.015 mol) was added to DMF (500 cm 3) and heated to 60°C. A solution of 
BrCH2CH2Br (2.25 g, 0.012 mol) in DMF (200 cm 3) was prepared, and half this 
solution added to the Cs 2CO3 solution over 1 hour. After 6 hours, a second batch of 
Cs2CO3 (3.5 g, 0.012 mol) and the remaining BrCH1CH 2Br solution were added. 
Meanwhile, the dithiolate solution was added to the Cs 2CO3 solution over 12 hours. 
After all additions were complete, the reaction mixture was left at 60°C for a further 
10 hours. After cooling, the volume of solvent was reduced and the poured onto ice 
(3 dm3). A colloidal dispersion, or milk, formed. After removing the solvent, a 
brown oil remained which was dissolved in CHCI 3 (50 cm3) and washed repeatedly 
with water and dried over MgSO 4 . After evaporation of the solvent, a small amount 
of white solid was isolated and purified by recrystallisation from hot EtQH. This 
product was Ts[9]aneNS2. 
Analysis of Ts[9]aneNS 2 
The El mass spectrum of Ts[9]aneNS 2 : found M = 317, 162; calculated for 
Ts[9]aneNS 2 	 317 
[9]aneNS 2 	 162 
Elemental analysis: found %C = 49.31, %H = 5.98, %N = 4.34; calculated for 
Ts[9]aneNS2 %C = 49.18, %H = 6.03, %N = 4.41. 'H nmr spectrum (CDC1 3 , 
298 K) 6 = 2.39 (s, 3H, CH 3), 3.07 - 3.12 (m, 8H, CHIS), 3.33 - 3.38 (m, 4H, 
CH2N) and 7.28 - 7.67 ppm (d of d, 4H, aromatic CH). ' 3C nmr spectrum (CDCI 3 , 
298 K) 6 = 21.3 (CH 3), 32.2 (SCH2CH2S), 33.9 (CH 2S), 39.7 (CH2N), 126.6 
(aromatic CHCCH 3), 127.2 (aromatic CH(CH)CS), 133.9 (aromatic CCH 3) and 
143.6 ppm (aromatic C(CH) 2S). JR spectrum (KBr disk): 3445, 2910, 1595, 1450, 
1335, 1155, 1090, 880, 815, 715, 670, 540 cm'. 
2.6.2 Synthesis of [9]aneNS 2 
Phenol (3.4 g, 0.036 mol) and HBr in acetic acid (45%, 37cm3) were added 
to Ts[9]aneNS 2 (2.86 g, 9.0 x 10 moles) and the solution stirred at 80°C. After 
20 hours, a further aliquot of HBr in acetic acid (12 cm 3) was added. After 36 
hours, the temperature of the solution was increased to 120°C. The solution was 
cooled, and the acetic acid removed as an azeotrope with toluene. The resultant dark 
purple/brown oil was dissolved in CH 202 (15 cm3) and extracted into H 20 (15 cm 3). 
The aqueous portion was washed with CH 2C12 (3 x 15 cm 3) and the pH adjusted to 
14 with NaOH, and extracted with CHCI 3 (4 x 20 cm3). The combined organic 
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extracts were dried over MgSO 4 , resulting in a white waxy solid on removal of the 
solvent. Yield 1.4g, 90%. Elemental analysis: found %C = 44.85, %H = 7.56, 
%N = 8.41; calculated for [9]aneNS2  %C = 44.13, %H = 8.02, %N = 8.58. 
FAB mass spectrum: found M = 164; calculated for [9]aneNS2  163. 'H nmr 
spectrum (CDCI 3 , 298 K) S = 2.73 - 2.94 ppm (m, CH 2). No NH resonance is seen 
due to exchange. ' 3C nmr spectrum (CDCI 3 , 298 K) S = 32.2, 32.7 (CH 2S), 47.5 
ppm (CH2N). IR spectrum (KBr disk): 3435, 3255, 2910, 1470, 1405, 1295, 1115, 
960, 900, 775, 755, 665, 620 cm-1 . 
2.6.3 Synthesis of Me[9]aneNS 2 
[9]aneNS2 (0.1036 g, 6.3 x 10 mol) was added to ice-cooled formic acid 
(98%, 1.5 cm') and stirred until the ligand had dissolved to form a pale yellow 
solution (5 mins). Paraformaldehyde (0.0409 g, 1.36 x iO mol) was added, 
followed by water (2 cm'). The mixture was refluxed under N 2 for 24 hours. After 
cooling, the pale yellow solution was basified to pH 14 with NaOH, and extracted 
with CHCI, (lox  50 cm3). The organic portions were combined and dried over 
MgSO4 , and passed through a silica column. Evaporation of the solvent resulted in 
a colourless oil. Yield 0.1 ig, 98%. El mass spectrum: found M = 176; calculated 
for Me[9]aneNS 2 176. 'H nmr spectrum (CDC1 3 , 298 K) 8 = 2.70 - 2.86 ppm 
(m, 12H, CH 2) and 8 = 2.34 ppm (s, 3H, CH 3). "C nmr spectrum 8 = 32.5, 34.6 
(CH2S), 44.4 (CH 3) and 59.7 ppm (CH2N). JR spectrum (KBr disk): 3455, 2910, 
2840, 2785, 1675, 1450, 1410, 1305, 1110, 1060, 1010 cm 1 . 
2.6.4 Synthesis of HOC[9]aneNS 2 
Acetic anhydride (0.5 cm3) was added to [9]aneNS, (0.1 g, 6.1 x 10 mol) 
in formic acid (98%, 1.4 cm 3), and the resulting pale yellow solution refluxed under 
N2 for 18 hours. The product was extracted into CHC1 3 (15 cm'), and then washed 
successively with H20 (15 cm3), dilute HCI (15 cm3), saturated NaHCO, solution (15 
cm3) and finally H20 (15 cm'). The organic portion was dried over MgSO 4 , and 
passed through a silica column. Removal of the solvent resulted in a viscous oil. 
Yield 0.096g, 82%. 
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El mass spectrum: found M' = 191 and 163; calculated for 
HOC[9]aneNS2 	 191 
[9]aneNS2 	 162 
111 nmr spectrum (CDC1 3 , 298 K) 5= 2.69 - 3.56 ppm (m, 8H, C112) and 8.14 ppm 
(s, 1H, HOCN).' 3Cnmrspectrum 6= 30.3, 30.9 (SCH 2CH2S), 31.1, 37.4 (CH 2S), 
49.5, 51.8 (CH2N) and 164.2 (HOCN). JR spectrum (KBr disk): 2910, 1670, 1406, 
1153 cm. 
2.6.5 Synthesis of CH 30C[9]aneNS2 
[9]aneNS2  (0 - 1  g, 6.1 x 10 mol) was added to an acetic anhydride - acetic 
acid mixture (1:1, 0.5 cm3) and the solution refluxed under N 2 for 24 hours. The 
resulting product was extracted into CHC1 3 (15 cm3), and washed with water (15 
cm3), dilute HC1 (15 cm3) and water (15 cm3). The organic portion was dried over 
MgSO4 , then passed through a silica column. A viscous oil resulted on removal of 
the solvent. Yield 0.09g, 71%. El mass spectrum: found M = 205; calculated for 
CH30C[9]aneNS2 205. 111  nmr spectrum (CDC1 3 , 298 K) 8 = 3.40 - 3.78 (m, 6H, 
CH2N), 2.48 -2.91 (m, 611, CH2S) and 2.18 ppm (s, 3H, CH 3). ' 3C nmr spectrum 
= 22.4 ppm (C113), 30.6 ppm (SCH2CH2S and one CH2S), 37.2 ppm (CHIS) 
51.9, 52.5 ppm (CH2N) and 172 ppm (OCN). JR spectrum (Y-Br disk): 3445, 2915, 
1635, 1410 cm-'. 
2.6.6 Synthesis of CH 3CH2 [9]aneNS 2 
CH30C[9]aneNS 2 (0.187 g, 8.9 x 10 mol) was dissolved in dry THF (10 
cm3) and BH3 .THF solution (1 mmol solution, 5.4 cm3 , 5.4 x 10 mol) added. The 
solution was refluxed under N2 for 24 hours. After cooling, MeOH (10 cm') was 
added to quench the excess borane. The solvent was evaporated, and the residue 
refluxed in HC1 (6M, 5 cm 3) for 3 hours. The pH of the solution was adjusted to 14 
with NaOH, and the product extracted into CHC1 3 (5 x 10 cm3). After drying over 
MgSO4 , the solvent was removed leaving a colourless oil. Yield = 64%. El mass 
spectrum: found M = 194 and 162; calculated for 
CH3CH2 [9]aneNS 2 	 192 
[9]aneNS 2 	 162 
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'H nmr spectrum (CDC1 3): 8= 2.71 - 2.86 (m, 611, CH2S, CH2N), 2.57 - 2.51 (q, 
2H, C112) and 1.03 - 0.97 ppm (t, 3H, CH 3). ' 3C nmr spectrum: ö = 32.9 
(SCHH2S), 34.5 (ScH2CH2N), 57.4 (SCHCH2N), 12.4 (CH 3)  and 50.6 ppm 
(CH2). JR spectrum (KBr disk): 3440, 2925, 2855, 1645, 1465, 1260, 1094, 1025, 
800 cm'. 
2.6.7 Synthesis of PhCH2[9]aneNS2 
A CHC1 3 solution (10cm3) of benzyl bromide (0.105 g, 6.1 x 10' mol) was 
added dropwise to an aqueous solution (9.5 cm3) of [9]aneNS2 (0.1 g, 6.1 x 10 
mol) and NaOH (0.2257 g, 5.6 x 10 mol). The mixture was stirred vigorously at 
room temperature for 5 days. The organic layer was separated, washed successively 
with H20 (15 cm3), dilute HCI (15 cm3) and H20 (15 cm3) then dried over MgSO 4 . 
The resulting colourless solid was recrystallised from CH 2C12-CH30H. Yield 0.04g, 
20%. 
Due to the low yield of this reaction, an alternative approach was taken, by 
reducing the amide PhOC[9]aneNS 2 . The amide PhOC[9]aneNS 2 (0.1 g, 3.7 x 10' 
mol) was dissolved in dry THF (10 cm 3) and BH3 .THF solution (1 mmol solution, 
2.3 cm3 , 2.3 x iO mol) added. The solution was refluxed under N 2 for 24 hours. 
After cooling, MeOH (10 cm 3) was added to quench the reaction. The solvent was 
removed and the residual hydroborane complex refluxed in HC1 (6M, 5 cm3) for 3 
hours. The pH of the solution was adjusted to 14 with NaOH, and the product 
extracted into C1-1C1 3 (5 x 10 cm'). After drying, the solvent was removed and the 
product purified by passing through silica, resulting in a colourless solid. Yield = 
60%. El mass spectrum: found M' 253; calculated for PhCH2[9]aneNS2  253. 'H 
nmr spectrum (CDC1 3 , 298 K): 6 = 2.66 - 2.99 (m, 6H, CH 2S, CH2N), 3.66 (s, 
2H, CH2) and 7.24 - 7.32 ppm (m, 5H, aromatic CH). ' 3C nmr spectrum 6 = 32.8 
(SCH2CH2S), 34.6 (SCH2CH2N), 57.6 (SCHH9 N), 61.8 (CH2), 127.0 (aromatic 
o-CH), 128.1 (aromatic m-CH)and 129.0 ppm (aromatic p-CH). No resonance was 
observed for the quaternary C. JR spectrum (KBr disk): 3440, 2965, 2925, 1655, 
1415, 1260, 1100, 1020, 800 cm'. 
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2.6.8 Synthesis of PhOC[9]aneNS2 
[9]aneNS2 (0.1 g, 6.1 x 10 mol) was dissolved in pyridine (1 cm') and 
cooled in an ice-bath. Benzoyl chloride (0.087 g, 6.0 x 10 mol) was added, with 
a yellow precipitate forming immediately. This was left stirring under N 2 overnight. 
The product was extracted into CHC1 3 , which was washed successively with H 20 (15 
cm3), dilute HC1 (15 cm3), saturated NaHCO 3 solution (15 cm3) and H20 (15 cm3). 
The organic portion was dried over MgSO4 , and passed through a silica column. The 
resulting white solid was recrystallised from CHC1 3 - hexane. Yield 0.124g, 76%. 
Elemental analysis: found %C = 56.54, %H = 6.82, %N = 4.91; calculated for 
PhOC[9]aneNS2 %C = 58.39, %H = 6.41, %N = 5.24. El mass spectrum: found 
M = 267; calculated for PhOC[9]aneNS2  267. H  nmr spectrum (CDC1 3 , 298 K) 
S = 2.88 - 3.92 (m, 1211, CH2) and 7.26 - 7.48 ppm (m, 511, CH). ' 3C nmr 
spectrum S = 31.9, 32.0 (SCH2CH2S), 32.6, 37.6 (CH 2S), 50.7, 52.7 (CH2 N), 
126.7, 128.2, 129.3 (aromatic C's) and 172.3 (OCN). JR spectrum (KBr disk): 
3007, 2922, 1625(s), 1210 cm -'. 
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Chapter 3 
Platinum and Palladium Macrocyclic Complexes 
3.1 Introduction 
The coordination chemistry of platinum and palladium with thioether 
macrocyclic ligands has been the subject of much study, leading to the publication 
of several reviews.' The main emphasis has been structural studies of macrocyclic 
complexes, with large numbers of single crystal X-ray determinations having been 
carried out. The electrochemistry of many of the these complexes has also been 
investigated, but less extensively. 
The attention shown to the structures of platinum and palladium mcrocyclic 
complexes is due to the steric mismatch of the metal centre and the ligand system. 
The d8 metal ions Pd" and Pt'1 prefer square planar geometries, with ligands 
containing 3 or 6 donor atoms favouring octahedral stereochemistries. This mismatch 
of steric requirements forces the complexes to adopt strained geometries. In turn, 
these strained geometries are reflected in the redox chemistry of the complexes. 
3.2 [M([9]aneSr  Complexes (M = Pd, Pt) 
As discussed previously, the thioether ligand [9]aneS3  prefers to coordinate 
facially to an octahedral metal centre via all three S-donors. The favoured 
coordination for the d 8 metal ions Pd' and Pt" is square planar. This mismatch in 
steric requirements between the metal centre and the ligand causes the complexes 
[Pd([9]aneS3) 2] 2  and [Pt([9]aneS 3)2] 2 to exhibit strained geometries. The synthesis 
and structure of [Pd([9]aneS 3)2](PF6)2 was published separately by Schr6der 20 ' and 
Wieghart. 201' The single crystal X-ray structure shows the Pd' cation in a distorted 
octahedral geometry, coordinated primarily to an approximate square plane of four 
thioether donors, two from each [9]aneS 3 ligand, with the two remaining S-donors 
interacting apically to give a [S 4 + S21 geometry. The structure is shown in Figure 
3. 1, with selected bond lengths in Table 3.1. The interaction seen between the metal 
centre and the two apical S-donors are due to the compromise between the steric 
requirements of the metal centre and the ligand, and is seen in several other 
macrocylic complexes. This will be discussed further. 
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Bond Bond Length (A) 
Pd - S 2.332(3) 
Pd - Sq 2.311(3) 
Pd 	S ap 2.952(4) 
Table 3.1: Selected Bond Lengths of [Pd([9]aneS 3) 2](PF6)2 
Figure 3.1: Crystal Structure of [Pd([9]aneS 3)2]2 
The unusual geometry of the complex [Pd([9]aneS3)2 ]21  led to a study of its 
electrochemistry. 20a  Cyclic voltammetry shows that the complex [Pd([9]aneS 3) 21 (PF6), 
exhibits a reversible one-electron oxidation at E ½  = +0.605 V vs. Fc/Fc (AE = 
84 mV). Controlled potential electrolysis of the complex at +0.7 V yields an orange 
solution (X = 475 nm, c = 3000 dm3mol'cm'), the ESR spectrum of which 
shows an anisotropic, broad signal as a glass at 77 K, with g 1 = 2.008, g = 2.048, 
av = 2.032. The cation [Pd([9]aneS 3)2] 3 can also be generated chemically by 
oxidation with HCIO4 under aqueous conditions. The ESR spectrum of this 
chemically generated product shows g11 = 2.009, g 1 = 2.049 with possible coupling 
to 105Pd, A ll = 20, A_L z 5 G. The single crystal X-ray structure of the 
[Pd([9]aneS3)2] 3  cation has been published by Schröder et al' 2 and shows the Pd 
centre in a tetragonally distorted octahedral stereochemistry, shown in Figure 3.2. 
Selected bond lengths are given in Table 3.2. Comparison of Tables 3.1 and 3.2 
shows the distance between the metal centre and the apically interacting S-donor is 
0.631 A shorter for the Pd complex than for the Pd' complex. The mean difference 
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between the equatorial bond lengths of the Pd' and Pd complexes is 0.182 A, with 
the Pd'- S bond distance being longer. On oxidising Pd 11 to Pd', the apical thioether 
donors are brought closer to the more positive Pd' metal centre; this is linked to a 
slight elongation of the equatorial bonds, due to the restricted conformation of the 
coordinated macrocycle. 
Bond Bond Length (A) 
Pd - S eq 2.369(2) 
Pd - Seq 2.356(1) 
Pd 
- Sap 2.545(2) 
Table 3.2: Selected Bond Lengths of [Pd([9]aneS 3)1]3 
Figure 3.2: Crystal Structure of [Pd([9]aneS 3) 2] 3 
The similar geometries of the Pd' and Pd complexes of [9]aneS 3 may 
explain the relatively facile oxidation of the Pd' complex to the Pd species. The 
Pd' complex can be thought of as pre-arranged for oxidation, with only a small 
change in geometry required to satisfy the requirement of Pd for a distorted 
octahedral coordination. Further oxidation of the Pd species to the Pd' species 
results in an unstable product, which cannot be isolated. This is due to the 
destabilisation of Pd'" by the soft S-donors. 
Studies have been undertaken on the Pt' analogue of [Pd([9]aneS3)2 ]21 with 
Schröder et al' 13  having published the synthesis, structure and redox chemistry of 
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{Pt([9aneS 3)21(PF6)2 . In contrast to the complex [Pd([9]aneS3)2]2, the single crystal 
X-ray structure of the complex [Pt([9]aneS3)2] 2  shows the Pt' centre with an unusual 
distorted square pyramidal coordination, bonding to two S-donors from each 
macrocycle (Pt - S = 2.25(1) - 2.30(1) A), with the third S-donor from only one of 
the macrocycles bound in an apical position (Pt S = 2.88(1) A). There is no 
interaction between the Pt" metal centre and the final S-donor, which is pointing 
away from the metal centre (Pt ..... S = 4.04(1) A). This is shown in Figure 3.3. 
The difference between the Pd' and Pt' complexes of [9]aneS 3 demonstrates the 
contrast between the Pd' and the Pt' metal centres. 
- 	Figure 3.3: Crystal Structure of [Pt([9]aneS 3)2J 2 
Due to the unusual geometry of the complex [Pt([9]aneS3)2]2, its 
electrochemistry was studied. Cyclic voltammetry of [Pt([9]aneS3)2](PF6)2  shows a 
chemically reversible oxidation centred at E ½ = +0.39 V vs. Fc/Fc (\E = 145 
mV). Controlled potential electrolysis of [Pt([9]aneS 3)2] 2  P, = 432 nm, c = 95 
dm3 mol'cm4) at +0.5 V affords the mononuclear Pt species [Pt([9]aneS 3) 2] 3  (X 
= 401 nm, s = 3500 dm3mol'cm'), the ESR spectrum of which shows an 
anisotropic signal with g1  = 2.044, g11 = 1.987 with coupling to "'Pt, A 1 = 30, A 1 
= 85 G. Exhaustive electrolysis of [Pt([9]aneS 3) 2] 2 affords the d 6 Pt" cation 
[Pt([9]aneS3)2]4 isosbestically, showing that the oxidation of [Pt([9]aneS 3)2] 2  at EL 
= +0.39 V is an overall two-electron process. 
The structure of the Pt' analogue of [Pt([9]aneS 3) 2
] 2 
 is probably similar to 
that of [Pd([9]aneS 3)2] 3 , a tetragonally distorted octahedron, with coordination to 
all six S-donors. On oxidising [Pt([9]aneS3)2] 2 , the sixth non-interacting S-donor 
must move in towards the metal, but the apically interacting S-donor needs only 
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move slightly to form the octahedral geometry. This mechanism is supported by nmr 
data, which shows the complex to be fluxional in solution. 
3.3 cis-[Pd([9]aneS3)XJ 
The first half-sandwich complex of the type cis-[Pd([9]aneS 3)X2} was reported 
by Wieghart et al '211 with X2 = Br2 . A comprehensive study of these half-sandwich 
complexes was carried out by Schröder et al "4" 15 , and included X 2 = Cl,, (PPh3)2 , 
bipy and phen. The half-sandwich complexes with X 2 = Br2 or Cl, show the Pd' 
metal centre in a distorted square pyramidal geometry - bound to two halide atoms, 
with two of the S-donors of the macrocycle oriented trans to the halide atoms. The 
remaining S-donor interacts at the apical position resulting in a [S 2XI + S,] 
geometry. The structures are shown in Figures 3.4 and 3.5, with selected bond 
lengths in Table 3.3. 
Bonds [Pd([9]aneS 3)Br2J (A) [Pd([9]aneS 3)C11] (A) 
Pd 
- Seq 2.275(2) 2.267(2) 
Pd - S, 2.257(2) 2.246(2) 
Pd 	Sap 3.125(1) 3.140(2) 
Pd - X 2.456(1) 2.332(2) 
Pd - X 2.468(1) 2.333(2) 
Table 3.3: Selected Bond Lengths of [Pd([9]aneS 3)Br1J and [Pd([9]aneS 3)C12] 
Figure 3.4: Crystal Structure of [Pd([9]aneS 3)Br1] 
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Figure 3.5: Crystal Structure of [Pd([9]aneS3)C12] 
The Pd - S distances in cis -[Pd([9]aneS3)X2J are shorter than the 
corresponding distances in [Pd([ 9]aneS3)2] 2 , by 0.055 A for X = Br, and 0.065 A 
for X = Cl. There is a large difference in the apical Pd S distance, with longer 
interactions in [Pd([9]aneS 3)X2J, by 0.173 A for X = Br, and 0.188 A for X = Cl. 
The effect of changing X on the strength of the Pd S interaction was studied by 
Roberts. "5  Structural determinations were made of the complexes with X 2 = (PPh3)2 , 
dppm, triphos, bipy and phen. This work showed that ic-acceptor ligands encourage 
stronger interactions between the Pd' metal centre and the apically interacting 
S-donor. A summary of the Pd S distances for these complexes is given in Table 
3.4. The strong 7r-acceptor ligands like dppm have much shorter Pd S distances 
than the ic-donors bipy and phen. 
Complex Pd 	S (A) 
[Pd([9]aneS 3)dppm] 2.698( 3) 
[Pd([9]aneS 3)triphos] 2.745( 5) 
[Pd([9]aneS 3)bipy] 2.808(13) 
{Pd([9]aneS3)phen} 2.948( 3) 
Table 3.4: Selected Bond Lengths of [Pd([9]aneS 3)X2] 
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3.4 [M([n]anesS4)]2  (M = Pd, Pt; n = 12, 14 or 16) 
In contrast to the complexes discussed in Sections 3.2 and 3.3, there is no 
mismatch in coordination requirements between Pd' and Pt' and the ligands 
[12]aneS4 , [14]aneS 4 , and [16]aneS4 - both metal centres and the ligands prefer 
square planar geometries, although mismatches will occur between the size of the 
metal ions and the hole-size of the ligand. The complexes [Pd([12]aneS 4)]2 , 
[Pd([14]aneS4)]2 and [Pd([16]aneS4)]2  have all been synthesised and structurally 
character ised. 21 Not surprisingly, all show square planar coordination, with the Pd' 
metal centre bound to all four thioether donors of the macrocycle. The Pd' metal 
centre of [Pd([12]aneS 4)} 2 is bound to the four S-donors, Pd - S = 2.280(4), 
2.307(4) A, with the Pd' displaced 0.3116 A above the least-squares S 4 plane, 
consistent with a poor size match between the Pd' ion and the small ring 
macrocycle. The Pd' ion in [Pd([14]aneS 4)]2  also lies above the least-squares S 4 
plane, but by a smaller 0.0381 A, as expected for a slightly larger macrocyclic ring, 
Pd - S = 2.25(1) - 2.29(1) A. In contrast to these two complexes, the structure of 
[Pd([16]aneS4)]2  shows the Pd' ion to lie precisely in the plane of the four thioether 
donors, with Pd - S = 2.30(1) - 2.32(1) A. The structures of these complexes are 
given in Figures 3.6, 3.7 and 3.8. 
Figure 3.6: Crystal Structure of [Pd([12]aneS 4)] 2 
Figure 3.7: Crystal Structure of [Pd([14]aneS4)]2 
Figure 3.8: Crystal Structure of [Pd([ 1 6]aneS4)] 2 
The analogous Pt' complexes are similar, with no stereochemical mismatch 
between the preferred geometries of the metal centres and the ligands. The structure 
of [Pt([12]aneS 4)} 2 was reported recently by Endicott et al"', who found that the 
Pt metal centre occupies a four-fold rotation axis, and is bound to a square plane of 
four S-donors at a distance of 2.293(1) A. The Pt' atom lies 0.33 A above the least-
squares S 4 plane, with all the atoms of the macrocycle on the opposite side of the S 4 
plane from the Pt' atom, shown in Figure 3.9. As with the Pd' analogue, this 
suggests significant mismatch between the size of the metal ion and the cavity size 
of the ligand, causing the metal ion to sit above the cavity. In contrast to this 
stereochemistry, and that of [Pd([14]aneS 4)} 2 , the structure of [Pt([14]aneS 4)]2 
shows the Pt' metal centre to lie in the plane of the four S-donors,"' and is bound 
to the four S-donors in an approximate square planar geometry (Pt - S = 
2.27(1) - 2.30(1) A). As with [Pt([12]aneS 4)] 2 , all the atoms of the ligand lie below 
the S-donor plane. This structure is shown in Figure 3.10. The closest contact to the 
vacant apical site of the Pt' is another cation related by an inversion centre, at 
Pt S contact distance of 3.680 A. 
Figure 3.9: Crystal Structure of [Pt([12]aneS 4)] 2 
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Figure 3.10: Crystal Structure of [Pt([14]aneS 4)] 2 
None of the complexes discussed in this Section exhibit any oxidative 
electrochemistry. 
3.5 Complexes of Pd" and Pt" with {15]aneS 5 
With the ligand [15]aneS 5 , there is again a mismatch between the required 
geometries of the metal centres and the ligand. The structure of [Pd([15]aneS 5)] 2 
shows the Pd' centre of {Pd([15]aneS 5)] 2  to have a distorted trigonal bipyramidal 
s tereochem istry, 3a shown in Figure 3. 11, with selected bond lengths in Table 3.5. 
In contrast, the coordination of the Pt' metal centre in [Pt([15]aneS 5)J2 is closer to 
square-based pyramidal. This structure is given in Figure 3.12, with selected bond 







Figure 3.11: Crystal Structure of {Pd([15]aneS 5)] 2 
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Bond (A) [Pd([15]aneS 5)]2 [Pt([15]aneS 5)] 2 
M - S 2.28(1) 2.283(7) 
M - S 2.30(1) 2.301(8) 
M - S 2.34(1) 2.306(7) 
M - S 2.53(1) 2.309(7) 
M - S' 2.54(1) 2.894(9)... 
Table 3.5: Selected Bond Lengths of [Pd([15]aneS 5)] 2 and [Pt([15]aneS 5)] 2 




Figure 3.12: Crystal Structure of {Pt([15]aneS 5)I 2 
No oxidative electrochemistry is shown by {Pd([15]aneS 5)] 2 	or 
[Pt([ 15]aneS5)]. As with the complexes discussed in Section 3.4, this is probably 
due to the inaccessibility of the sixth coordination site, preventing the octahedral 
geometry preferred by the M metal centres. 
3.6 [Pd([18]aneS6)] 2 and  [Pt([18]aneS6)] 2 
The ligand [18]aneS6  contains six donor atoms, so prefers to form sexadentate 
coordination complexes, so again we has a mis-match between the favoured 
geometries of the metal centres and the ligand. Schröder et al"' found the structures 
of [Pd([ 18]aneS6)](BPh4)2 and [Pt([18]aneS6)](BPh4)2  to be similar, with the 
macrocycle adopting an S-shaped double boat conformation. The M' 1 ion of both 
complexes lies on the molecular inversion centre and is coordinated to four S-donors 
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in a square planar arrangement, with the two remaining S-donors interacting at apical 
positions. This structure is shown in Figure 3.13, with selected bond lengths in Table 
3.6. Interestingly, [Pd([18]aneS5)](PF6)2  is green in the solid state and shows a 
different structure to the brown BPh 4 salt. Like the BPh 4 salt, the PF 6 salt has a 
distorted octahedral coordination, but with a slightly different geometry (bond 
distances are given in Table 3.6). The conformations of the macrocycles in the two 
complexes are different, with the methylene chains mutually eclipsed in 
[Pd([18]aneS 6)](PF6) 2 (shown in Figure 3.14), but staggered in 
{Pd([1 8]aneS 6)J(BPh4)2. 
Bonds 
(A) 
[Pd([ 18] aneS 6)J (PF6)2 [Pd([ 18] aneS 6)] (BPh4)2 [Pt([ 1 8]aneS 6)}(BPh 4 )2 
M - Seq 2.335(2) 2.311(1) 2.298(3) 
M - S'eq - 2.307(2) 2.295(2) 
M 	S ap 3.015(3) 3.273(2) 3.380(3) 	j 
Table 3.6: Selected Bond Lengths of [Pd([18]aneS 6)](P'F6)2 , 
{Pd([ 1 8]aneS 6)] (BPh4)2 and {Pt([ 1 8]aneS 6)} (BPh4) 2 
Figure 3.13: Crystal Structure of [M([18]aneS 6)](BPh 4)2 (M=  Pd, Pt) 
Figure 3.14: Crystal Structure of [Pd({18]aneS 6)](PF6) 2 
Comparison of Tables 3.1 and 3.6 shows the differences in the geometries 
of [Pd([9]aneS 3)2] 2  and [Pd([18]aneS 6)] 2t The Pd - S e  bonds for 
[Pd([ 1 8]aneS6)](BPh4)2 are an average of 0.013 A shorter than [Pd([9]aneS3)2] 2 , 
with the Pd - S i,, bonds 0.321 A longer in [Pd([18]aneS 6)}(BPh 4)2 . The Pd - S bondeq 
distances in [Pd([9]aneS3)2]2  and [Pd([18]aneS 6)](PF6) 2 are within one standard-
deviation of each other, but the Pd - Sap bond distance in [Pd([18]aneS 6)](PF6)
2 
 is 
0.063 A longer than in [Pd([9]aneS3)2J2.  This suggests the rigidity of the larger 
macrocycle allows less interaction between the apical S-donors and the metal centre. 
In contrast, the structures of [Pt([9]aneS 3)2] 2 and [Pt([18]aneS 6)] 2 are quite 
different. The Pt" centre in [Pt([9]aneS3)2}2  is five coordinate but the Pt" centre in 
[Pt([18]aneS 6)]
21  is bound to six thioether donors. 
Surprisingly, neither [Pd([18]aneS 6)] 2 nor [Pt([18]aneS 6)] 2  show any 
oxidative chemistry by cyclic voltammetry. However, [Pd([18]aneS 5)] 2  can be 
oxidised slowly using chemical oxidants to afford the mononuclear, paramagnetic 
Pd' complex [Pd([18]aneS5)]3t3a  This suggests that there may be a kinetic barrier 
preventing the oxidation of [Pd([18]aneS 6)] 2 by the fast method of cyclic 
voltammetry. The single crystal X-ray structure of {Pd([18]aneS 6)] 3 (Figure 3.15) 
shows the cation adopting a tetragonally elongated stereochemistry, with the Pd IU  
metal centre bound equatorially to four of the S-donors, Pd - S = 2.35 1(2), 2.359(2) 
A, and apically to the two remaining S-donors Pd - S = 2.523(2) A. Therefore, the 
oxidation from [Pd([18]aneS 6)] 2 to {Pd([18]aneS 6)] 3 causes the Pd - S apical 
distance to shorten from 3.015(3) A to 2.523(2) A, consistent with the increase in 
nuclear charge at the metal centre and the preferred stereochemistry of d 7 metal 
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centres. The bond lengths for [Pd([18]aneS 6)1 3 are slightly shorter than in the 
related [Pd([9]aneS3) 2]31  cation, which shows Pd - S = 2.356(1), 2.369(2) A; 
Pd - S2 = 2.545(2) A. 
Figure 3.15: Crytál Structure of [Pd([18]aneS 6)} 3 
Changing the donor set from all thioether donors to mixed S and N-donors 
will change the nature of the Pd' and Pt' complexes. N-donors are stronger a-donors 
than S-donors, but are weaker it-donors. 
3.7 Complexes of Pd" and Pt" with Me8[16]aneN 2S2 
The ligand Me8[ 1 6]aneN2S2 contains two N-donors and two S-donors, with 
two methyl groups on the central carbons of the four propylene bridges. Ferguson 
and McCrindle have published the synthesis and structure of 
[Pd(Me8 [ 1 6]aneN2S2)] (PF5)219 and [Pd(Me 8 [ 1 6]aneN1S2)] Cl2 .' 20 In a similar way to 
the complexes [Pd([18]aneS 6)](BPh4) 2 and [Pd ([18]aneS 5)](PF6) 2 discussed in Section 
3.6, the counterion appears to have an effect on the geometries around the Pd' 
centres. The coordination around Pd' in [Pd(Me 8 [16]aneN,S,)](PF6)
2 
 is square planar 
with the Pd' metal centre bound to both N-donors and both S-donors, resulting in 
a [N2SI] geometry. This structure is given in Figure 3.16, with selected bond 
distances in Table 3.7. The crystal structure of [Pd(Me8[ 16]aneN2S2)]Cl ,  shows that 
the ligand also coordinates to the Pd' metal centre in a square planar [N,S] 
geometry, but that there is also a long range interaction between Pd' and one of the 
Cl atoms (Pd Cl = 3.68 A). The Cl interacts with the Pd' in an apical position. 
The structure of {Pd(Me 8[16]aneN2S,)]Cl 1  is given in Figure 3.17, with selected bond 
lengths in Table 3.7. 
AV 
The synthesis of the Pt' analogue, [Pt(Me 8[16]aneN2S2)C1 2] has been 
reported. 121 
Bond (A) [Pd(Me8 { 1 6]aneN,S2)] (PF6)2 [Pd (Me 8 [ 1 6]aneN1S2)ICI, 
Pd - S 2.307(1) 2.296(5) 
Pd - S' - 2.290(5) 
Pd - N 2.090(4) 2.14(2) 
Pd - N' - 2.07(2) 
Pd ... Cl - 3.19 
Table 3.7: Selected Bond Lengths of [Pd(Me 8[16]aneN2S2)](PF6)2  and 
[Pd(Me8[ 1 6]aneN9S 2)]C1 2 
Figure 3.16: Crystal Structure of {Pd(Me3[16]aneN2S2)I(PF5)2 
Figure 3.17: Crystal Structure of [Pd(Me 8 [16]aneN2S2)C1 2] 
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3.8 [M([18]aneN2S4)] 2 and  [M(Me2[18]aneN2S4)]2  (M = Pd, Pt) 
The ligand [18]aneN2S4 and its derivatives give the Pd 11 and Pt' metal centres 
a choice of coordination modes. As has been shown previously, the Pd' and Pt' 
complexes of macrocyclic ligands containing a donor set of more than four donor 
atoms tend to form either four coordinate geometries, or to coordinate to four of the 
donor atoms in a square plane, with apical interactions to some, if not all, of the 
remaining donors. As the ligands [18]aneN 2S4 and its derivatives contain six donor 
atoms, four S-donors and two N-donors, the metal centre can bond primarily to 
either four S-donors or to the mixed donor set of two N-donors and two S-donors. 
By changing the amine from a N-H group to a N-Me group, the steric bulk and the 
electronic properties of the N-donor is changed. 
The structure of [Pd([18]aneN2S4)]2  shows a distorted octahedral 
geometry, 122  with the two N-donors and two of the S-donors bound equatorially to 
the Pd'. The two remaining S-donors interact apically, resulting in a [N 2S, + S,] 
geometry. In contrast, the structure of [Pd(Me 2 [18]aneN2S4)] 2 shows square planar 
coordination, with the Pd 11 centre bound to the four S-donors. The N-donors are non-
interacting, giving a [S 4] geometry. The structures are shown in Figures 3.18 and 
3.19, with selected bond lengths in Table 3.8. This difference in structure 
demonstrates that the replacement of N - H by N - Me moieties has a remarkable 
influence on the stereochemistry adopted by the complex. This difference is 
associated mainly with the steric bulk of the N - Me groups. 
Figure 3.18: Crystal Structure of [Pd([18]aneN1S4)]2 
Bond [Pd([18]aneN2S4)]2 	(A) [Pd(Me,[18]aneN154)] 2 	(A) 
Pd - S 2.311(3) 2.324(2) 
Pd - S 2.357(3) 2.326(2) 
Pd - 5' 2.954(4) 2.333(2) 
Pd - S' 3.000(3) 2.340(2) 
Pd - N 2.068(7) 3.744(7) 
Pd - N 2.123(7) 3.760(6) 
Table 3.8: Selected Bond Lengths of [Pd([18]aneN 2S4)] 2 and 
[Pd(Me2 [ 1 8]aneN2S4)] 2 
Figure 3.19: Crystal Structure of [Pd(Me,[18]aneN,S 4)] 2 
Cyclic voltammetry of [Pd([18]aneN,S 4)] 2 shows a chemically reversible, 
one-electron process at EI A = +0.57 V vs. Fc/Fc (AE = 195 mV). Controlled 
potential electrolysis of [Pd([18]aneN1S 4)] 2 (X,. = 514 nm, c = 124 
dm3 mol'cm 1 , 332 (2800), 266 (9400) and 233 (12100) ) affords a stable oxidised 
product (X = 488 nm, e = 3200 dm 3 mol'cm 1 , 341 (3200) and 264 (11200) ). 
The ESR spectrum of this oxidised species shows a strong rhombic signal with g 1 = 
2.064, 92 = 2.052 and g3 = 2.019, consistent with the generation of a Pd' species. 
This Pd' species probably has an octahedral geometry, with the apically interacting 
S-donors seen in the Pd' species completing the coordination sphere. No oxidative 
activity is seen for [Pd(Me1[18]aneN 2S4)] 2 , suggesting that the Me1[18]aneN2S 4 
Me 
ligand cannot form an octahedral geometry around the Pd metal ion, due perhaps 
to the steric bulk of the N-Me groups. 
The complexes [Pt([18]aneN2S4)]2  and [Pt(Me2{18]aneN2S4)]2 have been 
synthesised." Based on electrochemical and nmr data, [Pt(Me 2 [18]aneN2S4)] 2 seems 
isostructural with its Pd' analogue. However, [Pt([18]aneN 2S4)]2 appears to be 
5-coordinate rather than quasi 6-coordinate like [Pd([ 1 8]aneN 2S4)12 . Without definite 
structural evidence, these are tentative assignments. 
Cyclic voltammetry of [Pt([18]aneN2S4)]2  shows an extremely broad 
oxidation wave centred on Ep a = +0.1.07 V with a broad return wave at E PC 
= - 0.01 V vs. Fc/Fc. Coulometric measurements suggest the oxidation to be a 
two-electron process with the generation of a transient Pt' species. The ESR 
spectrum of this transient species shows a rhombic signal with g 1 = 2.115, 92 = 
2.049 and g3 = 1.987, consistent with the formation of a transient mononuclear Pdm 
species. The complex [Pt(Me 2[18]aneN2S4)] 2  shows no oxidative activity. This again 
is probably due to the steric bulk of the N-Me groups preventing the formation of 
an octahedral geometry. 
3.9 [M([9]aneN2S)2] 2  (M = Pd, Pt) 
[9]aneN2S is a mixed donor analogue of [9]aneS 3 , and in a similar way to the 
ligands discussed in Section 3.8, offers a choice of coordination modes. As the donor 
set contains six atoms, there is also the possibility of apical interactions. The 
structures of.[Pd([9]aneN2S)2]  (PF6) 2 and [Pd([9]aneN,S) 2] Cl, have been reported, 123 
and show different structures. The Pd 11 of the dichloride salt is coordinated to the 
four N-donors, two from each ligand, in a square planar arrangement. The thioether 
donors are non-interacting and are pointed away from the metal centre. In contrast, 
both non-equatorial thioether donors of the PF 6 salt are found to be weakly 
interacting with the metal centre at apical positions, at a distance of 3.034(1) A. The 
structures are shown in Figures 3.20 and 3.21, with selected bond lengths in Table 
3.9. 
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Bond [Pd([9]aneN2S)2](PF6)2 (A) [Pd([9]aneN2S)2]C12 (A) 
Pd - N 2.050(4) 2.047(4) 
Pd - N' 2.061(4) 2.058(3) 
Pd 	S 3.034(1) 3.836(1) 
Table 3.9: Selected Bond Lengths of [Pd([9]aneN 2S)2](PF6)2 and 
[Pd([9]aneN2S)2] Cl 2 
Figure 3.20: Crystal Structure of [Pd([9]aneN2S) 9J(PF6)1 
Figure 3.21: Crystal Structure of [Pd([9]aneN2S)2]Cl , 
The structures of [Pt([9]aneN 2S) 2]Br, and [Pt([9]aneN2S)1](PF6)2  have also 
been reported, and the cations found to be isostructural. As with the structure of 
[Pd([9]aneN2S)2]Br1, the Pt' metal centre is bound to a square plane of N-donors. 
with no apical interactions to the thioether donors. The structure of the PF 6 salt is 
shown in Figure 3.22, with selected bond lengths in Table 3.10. 
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Bond Length (A) 
Pt - N 2.08(1) 
Pt - N' 2.08(1) 
Pt 	S 3.94(1) 
Table 3.10: Selected Bond Lengths of [Pt([9]aneN2S)2] 2 
Figure 3.22: Crystal Structure of [Pt([9]aneN ,S)1] 2 
3.10 Complexes of Pd", Pd" and Pt" with [9]aneN3 
The bis-sandwich complexes of [9}aneN 3 contain six donor atoms, which, 
with Pd' and Pt' can form simple square planar complexes, or pseudo-octahedral 
complexes with apically interacting N-donors. To date, there have been no reports 
of apically interacting N-donors, so all the complexes containing only N-donor 
macrocycles form square planar complexes. 
The structure of [Pd([9]aneN 3)21(PF6) 2 was reported by McAuley et at in 
1988 . 124  The Pd' metal centre has a square planar coordination, bound to two N-
donors from each of the ligands. The remaining N-donor from each ligand is non-
interacting, and is pointed away from the metal centre. This results in a [N 4] 
geometry at the Pd' centre. The structure is shown in Figure 3.23, with selected 
bond lengths in Table 3.11. The structure of the pm  complex of [9]aneN 3 has also 
been reported. 121 [Pd([9]aneN3)2](PF5)3 shows tetragonally distorted N 6 coordination 
at the Pd' metal centre, consistent with a Jahn-Teller distorted d 7 species. The 
structure is shown in Figure 3.24, with selected bond lengths in Table 3.11. The 
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Pd - N bond lengths of the Pd cation are on average 0.013 A longer than the Pd' 
species. The mean apical distances are an average of 1.319 A longer in the Pd 
species. This is consistent with the d 7 Pd' preferring an octahedral coordination. 
Bond [Pd([9]aneN3)2] (PF 6)2 (A) [Pd ([9]aneN3) 2] (PF6)3 (A) 
Pd -N 2.050(4) 2.111(9) 
Pd - N' 2.064(4) 2.118(9).. 
Pd 	N 3.499(5) 2.180(9) 
Table 3.11: Selected Bond Lengths of [Pd([9]aneN3)9](PF6)2  and 
[Pd([9]aneN3)2] (PF 6)3 
Figure 3.23: Crystal Structure of [Pd([9]aneN 3)
2
] 2 
Figure 3.24: Crystal Structure of [Pd([9aneN 3)2] 3 
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The electrochemistry of [Pd([9]aneN3)2]  has been studied.3a, 122b. 126 Cyclic 
voltammetry of [Pd([9]aneN3)2](PF6)2  shows a chemically reversible oxidation at E 
= +0.07 V vs. Fc/Fc, with another oxidation at +0.45 V. Coulometry confirms 
these to be one-electron oxidations assigned to Pd' I Pd' and Pd" I Pd" processes. 
Controlled potential electrolysis at +0.3 V affords a bright yellow Pd" species, the 
ESR spectrum of which shows a strong anisotropic signal with g 1 = 2.123 and g11 
= 2.007, with super-hyperfine coupling observable to two N-donors A ll = 27 G. 
This Pd' complex formed by the oxidation of [Pd([9]aneN,)2 ]21  will have -the same 
structure as the Pd' species discussed earlier in this Section and shown in Figure 
3.24, with the two non-interacting N-donors moving in towards the metal centre to 
complete the pseudo-octahedral coordination. 
The complex [Pt([9]aneN 3)2]Br2 was reported by Wieghart et at in 1983 . 127 
The geometry at Pt' is a slightly distorted square plane, with the metal centre bound 
to two N-donors from each of the two ligands, Pt - N = 2.074(9), 2.077(9). The 
remaining two N-donors are non-interacting, and point away from the metal centre. 
As with {Pd([9]aneN3)3]2,  this results in a [N4] geometry. This structure is shown 
in Figure 3.25. 
Figure 3.25: Crystal Structure of [Pt([9]aneN 3)2] 2 
3.11 Pd", Pd's' and Pt" with [14]aneN 4 and its Derivatives 
The structure of [Pd([14]aneN4)](C104)
2 
 was published by Yamashita et al in 
1986. 128  It shows the Pd" metal centre coordinated to all four N-donors to give a 
square planar [N 4] geometry. The structure of this cation is shown in Figure 3.26, 
with selected bond lengths in Table 3.12. Comparison of Tables 3.11 and 3.12 show 
that the Pd - N bond distances are the same for both N 4 donor sets of 
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[Pd([14]aneN4)] 2 and [Pd([9]aneN3)2]2t  Interestingly, the ligand in the complex 
[Pd([14]aneN4)] 2 adopts a different conformation than that of its thioether analogue 
[Pd([14]aneS4]2 . [14]aneS4 adopts a cccc-conformation with all the lone-pairs of the 
S-donors pointing above the S 4 plane, whereas [14]aneN 4 adopts a act-conformation 
with two sets of lone-pairs pointing above, and two pointing below, the N 4 plane. 
Yamashita et al also published the structure of [Pd t"([14]aneN4)Cl9](Cl04)9 , in which 
the Pd's' metal centre is surrounded octahedrally by the four N-donors of the 
macrocycle in a single plane and by two Cl atoms occupying the apical :sites. This 
results in a [N4 + C 12  geometry, shown in Figure 3.27, with selected bond lengths 
in Table 3.12. 
Figure 3.26: Crystal Structure of [Pd([14]aneN 4)] 2 
Figure 3.27: Crystal Structure of [Pd([14]aneN 4)CI,] 2 
In a similar way to the alkylation of [18]aneN 1 S4 discussed in Section 3.8, the 
ligand [14]aneN4 can be functionalised, and the steric and electronic properties of its 
N-donors changed. The complexes of Pd' with the tetramethyl' 29 and the 
tetrabenzyl' 3° derivatives of cyclam were reported by Schröder et al. The structure 
of [Pd(Me4 [14]aneN4)](PF6) 2  shows the Pd' metal centre bound to all four of the 
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ligand N-donors, but displaced out of the plane of the N-donors by 0.082 A towards 
the N-bound methyl groups. The four methyl groups all lie on the same side of the 
N4  plane, giving the ligand a cccc-conformation, similar to that of [14]aneS 4 . The 
structure is shown in Figure 3.28, with selected bond lengths in Table 3.12. 
Figure 3.28: Crystal Structure of [Pd(Me 4 [14]aneN4)]2 
Bond (A) [14]aneN4 [14]aneN4Cl2 Me4 [14]aneN4 (PhCH2)4 [14]aneN4 
Pd - N 2.044(7) 2.060(1) 2.05(1) 2.079(8) 
Pd - N' 2.057(7) 2.064(2) 2.07(1) 2.098(7) 
Pd - N - - - 2.104(7) 
Pd -N' - - - 2.105(8) 
Pd - Cl - 2.303(1) - - 
Table 3.12: Selected Bond Lengths of [Pd([14]aneN 4)1 2 , [Pd([14]aneN4)C12], 
[Pd(Me4 [14]aneN4)1 2 and [Pd { (PhCH 2)4 [ 14]aneN4}] 2 
The structure of the tetrabenzyl derivative, [Pd { (PhCH 2)4 [1 4JaneN4 } J (PF)2, 
is similar with the alkyl groups all on the same side of the N 4 plane, and the Pd' 
centre pyramidally distorted, displaced 0.098 A out of the N 4 plane towards the 
benzyl groups. There is also significant tetrahedral distortion at the Pd centre, with 
two of the N-donors lying above and two below the least squares N 4 plane. The 
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structure is shown in Figure 3.29, with selected bond lengths in Table 3.12. The 
tetrahedral distortion presumably minimises the steric interactions between the benzyl 
groups and the macrocyclic backbone. 
Figure 3.29: Crystal Structure of [Pd{(PhCH,) 4 [14]aneN4}] 2 + 
The structures 	of [Pt(meso-5, 12-Me6 [14]aneN4)] (dO4), and 
[Pt([14]aneN4)Cl,]CI, have been reported by Waknine et at. 118  [Pt(meso-5,12-
Me6 [14]aneN4)](Cl04)2  is found to have square planar geometry around the metal 
centre, with the Pt" bound to all four of the N-donors. The structure is shown in 
Figure 3.30, with selected bond lengths in Table 3.13. [Pt([14]aneN 4)C12]Cl, has 
octahedral geometry, with the Pt" metal centre bound equatorially to the four N-
donors and the two Cl atoms are bound apically. The structure is shown in Figure 
3.31, with selected bond lengths in Table 3.13. 
Bond 1Pt(Me5 1 14]aneN4)] 2 	(A) [Pt([ 14]aneN4)Cl,] 2 	(A) 	1 
Pd - N 2.042(8) 2.04(1) 
Pd - N' 2.056(8) 2.05(1) 
Pd - Cl 
- 2.307(4) 
Table 3.13: Selected Bond Lengths of [Pt(Me 5 [14]aneN4)] 2 and 
[Pt({ 14]aneN 4)Cl,] 2 
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3.12 Summary of Palladium Macrocydic Complexes 
Complex Geometry E ½ ESR spectrum of Pd" 
species 
[Pd([9]aneS3)2] 2 [S4 + S2 1 +0.605 
[Pd([9]aneS3)2] 3 [S4 + S2 1 g1 = 2.008 Aj1 = 20 
g1 = 2.048 A1 	5 
[Pd([9]aneS3)X2] [S2 X2 + S i ] NR 
[Pd([10]aneS 3)2] 2 [S4 + S21 +0.61 
[Pd([n]aneS4)]2 ES4 1 - 
[Pd([ 1 5]aneS5)] 2 [S3 + S21 - 
[Pd([ 1 8]aneS6)]2 [S4 + S21 - 
[Pd(Me6[ 1 4]aneN 2S2)](PF6)2 [N2S21 NR 
[Pd(Me6[14] aneN2S2)] Cl2 [N2S2 + C121 NR 
[Pd([18]aneN2S4)] 2 [N2S2 + S21 +0.57 g 1 = 2.06492 = 2.052 
93 = 2.019 
[Pd(Me2[18]aneN2S4)] 2 ES4 1 - 
[Pd([9]aneN2S)2}(PF6)2 [N4 + S2 1 NR 
{Pd([9]aneN 2S)2]C12 [N4 ] NR 
[Pd([9]aneN 3)2]2 [N4 ] +0.07 
{Pd([9]aneN 3)2] 3 [N6] g1 = 2.123 
g11 = 2.007 A 11 = 27 
[Pd([14]aneN 4)] 2 [N4] - 
[Pd([14]aneN 4)Cl2]2 [N4 + C121 NR 
[Pd(Me4 [14]aneN4)]2 [N4] - 
[Pd(Bn4 [14]aneN4)]2 [N4 ] - 
NR = none recorded 
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3.13 Summary of Platinum Macrocydic Complexes 
Complex Geometry E ½ ESR Spectrum of Pt"I Species 
{Pt([9]aneS 3)2 }2 [S4 + S I ] +0.46 gj = 2.044 A.L = 30 
g11 = 1.987 A ll = 85 
[Pt([n]aneS4)]2 [S4 ] - 
[Pt([15]aneS 5)]2 [S3 + S 1 1 - 
[Pt([ 1 8]aneS 6  )]2 + [S4 + S2 1 - 
[Pt([9]aneN2S)2] 2 [N4 ] NR 
[Pt([18]aneN2S4)]2 +0.54 g 1 = 2.115, 92 = 2.049 
93 = 1.987 
[Pt(M;[1 8]aneN 2 S4)]2 - 
[Pt([9]aneN3)2] 2 [N4 ] NR 
[Pt(Me6[14]aneN4)]2 [N4 ] NR 
[Pt([14]aneN4)Cl2]2 [N4 + C121 NR 
N1'( - none recorciea 
3.14 Aims 
From the results discussed in this Chapter, it can be seen that there is some 
correlation between the single crystal structures of Pd" and Pt" macrocyclic 
complexes and their electrochemistry. The Pd" and Pt" complexes which have 
stereochemistries that can easily be transformed into pseudo-octahedral geometries 
can be oxidised to higher oxidation states, with the ease of this transformation being 
reflected in the ease of the oxidation. 
One of the major aims of the work presented here was to extend our 
knowledge of the relationship between the redox chemistry and the stereochemistry 
of Pd" and Pt" macrocyclic complexes. In order to achieve this, we will study the 
Pd and Pt complexes of the ligand [9]aneNS 2 and its derivatives. The derivatives of 
[9]aneNS2 will be prepared by functionalising the N-donor of the macrocyclic ring, 
Eff 
resulting in steric and electronic modifications of the ligand. By studying the 
complexes of the ligand [9]aneNS2  and its derivatives, we can present a fuller picture 
of the redox / structure relationship. 
Another major aim of this work was to investigate further the apical 
interactions seen in a large number of the complexes discussed in this Chapter. 
These apical interactions appear to exist as a compromise between the preferred 
geometries of the metal centres and the favoured coordination of the ligands. The 
metal centres Pd' and Pt' are d 8 , so prefer to adopt square planar geometries. The 
ligands [9]aneS 3 , [ 18]aneS 6 and other ligands containing 3 or 6 donor atoms favour 
complexes containing octahedral geometries. The complex must reach a compromise 
between these two preferred geometries, and this compromise appears to be the 
[4 + 2] stereochemistry, with the metal ion bound to four of the donor atoms in an 
approximate square planar arrangement, with the two remaining donors interacting 
apically with the metal centre at long range. All of the apical interactions reported 
for Pd' and Pt' thioether macrocyclic complexes have been found by single crystal 
X-ray determinations, and are of the complexes in the solid state. To date, no 
structural studies have been made of these complexes in solution. Using the 
techniques of EXAFS and "'Pt nmr spectroscopy, we shall investigate the solution 
structures of a range of Pd' and Pt' thioether macrocyclic complexes. This should 
confirm that these are actual interactions. 
Interestingly, the counterion of metal -macrocyclic complexes appears to have 
an effect on the geometry of the cation. For example, this dependence on counterion 
is seen in the complexes of [Pd([18]aneS 6)] 2 , with the PF6 and BPh 4 salts 
containing different stereochemistries. This suggests that the cation has several 
possible low energy conformations available to it. In this work, we will examine 
other cations, and test the effects of different counterions on the structures of 
thioether crown complexes. 
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Chapter 4 
Palladium(II) Complexes of [9]aneNS2  and its 
Derivatives 
4.1 Introduction 
The principle oxidation states of Pd are II and IV, but there is important 
chemistry in the I state, where Pd - Pd bonds are formed, and in the 0 state, where 
complexes of it-acceptor ligands (for example tertiary phosphines or CO) occur. In 
contrast with Ni, the III state for Pd is virtually unknown. 131 
Previous work on the complexes of Pd with macrocyclic ligands has shown 
that Pd' species can be oxidised to relatively stable, mononuclear Pd species. This 
was first seen for the complex [Pd([9aneS 3)2J2 . 2°  The single crystal X-ray structure 
of the complex [Pd([9]aneS3)212 shows that the stereochemistry around the-Pd" metal 
centre is a compromise between the preference of the [9]aneS 3 ligand to coordinate 
facially, and the tendency of the d 8  Pd" centre to adopt a square planar geometry. 
The Pd' centre coordinates to two thioether donors from each ligand in a square 
planar arrangement, Pd - S = 2.332(3), 2.311(3) A, and interacts with the two 
remaining S-donors at the apical sites, Pd S = 2.952(4) A. This is shown in 
Figure 4.1. 
Figure 4.1: Crystal Structure of [Pd([9]aneS3)2] 2 
The oxidation of {Pd([9]aneS 3) 2] 2  can be carried out either chemically or 
electrochemically to give the Pd' complex [Pd([9]aneS3)2]3t112 The single crystal 
X-ray structure of this complex has been determined, and shows the Pdm metal 
centre adopting a Jahn-Teller distorted octahedral geometry, with coordination to all 
six thioether donors, Pd - S = 2.369(2), 2.356(1) and 2.545(2) A, shown in Figure 
4.2. The change in stereochemistry with oxidation state is facilitated by the 
macrocyclic ligand, which can exploit several different coordination modes. In this 
case, coordination has changed from [4 + 2] to distorted octahedral on changing the 
oxidation state. 
Figure 4.2: Crystal Structure of [Pd([9]aneS3)2] 3 
The versatility of macrocycles is not restricted to S-donor ligands. The 
change of stereochemistry as a function of oxidation state which is observed with 
[9]aneS 3  is also seen with its N-donor analogue [9]aneN3. The complex 
[Pd([9]aneN3)2]2 can be oxidised to a relatively stable, mononuclear Pd species 
and both the Pd' and the Pd" species have been structurally characterised. 121, 125 In 
contrast to the thioether ligand complex, [Pd([9aneN 3) 21 2  has a strictly square 
planar geometry with the Pd' metal centre coordinating to only two N-donors from 
each of the macrocyclic ligands, Pd - N = 2.050(4), 2.064(4). The remaining two 
N-donors point away from the metal centre and are non-interacting, Pd ..... N = 
3.499(5), shown in Figure 4.3. 
Figure 4.3: Crystal Structure of [Pd([9]aneN3)2] 2 
On oxidation to the Pd' complex, [Pd([9]aneN3)2]3, the metal centre is 
bound to all six N-donors in a tetragonally-elongated octahedral geometry (Figure 
4.4), Pd - N = 2.111(9), 2.118(9) and 2.180(9) A, reminiscent of[Pd([9]aneS3)2] 3 . 
The structures of the S-donor and the N-donor complexes of Pd"' suggest that the 
preferred geometry for mononuclear Pd' species is a tetragonally elongated distorted 
octahedron. 
Figure 4.4: Crystal Structure of [Pd([9]aneN3)2] 3 
The ease of the oxidation of Pd" to Pd' can be assessed by comparing the 
EIA  values for the redox process. The oxidation of [Pd([9]aneS 3)21 2 occurs at 
+0.605 V vs Fc/Fc, 20 and as such is more anodic than the oxidation of the complex 
[Pd([9]aneN3)2}2, which has a value of +0.07 V vs Fc/Fc+.3b.2O26  This confirms 
that the oxidation of the S-donor complex is more difficult. This difference in 
oxidation potentials of the two complexes reflects the greater softness of S-donors 
compared to N-donors. 
The effect of incorporating a mixed N,S-donor set on the stereochemistry of 
the Pd' centre and on the oxidation potential of the Pd"/Pd couple has been studied 
in Edinburgh. The ligands studied in previous work were [18]aneN,S 4 and its di-N-
methylated analogue Me2[18]aneN2S4)22b  The structure of [Pd([ 1 8]aneN1S4)J 
reveals the Pd" centre is coordinated to both N-donors and to two of the S-donors 
in a square planar geometry, with the remaining two S-donors interacting at the 
apical sites (Figure 4.5). This is not an unexpected stereochemistry, as apically 
interacting thioether donors have been observed in [Pd([9]aneS 3)] 2  and 
[Pd([18]aneS6)1 2 t" 8  The Pd" metal centre in the complex [Pd(Me1[18]aneN,S 4)] 
adopts a strictly square planar geometry bound only to the S-donors (Figure 4.6). 
This contrasts with the [N 2S 2 + S2] geometry of {Pd([18]aneN2S 4)]21 . The N-donors 
do not interact and are pointed away from the metal centre. This is possibly due to 
the constraints of the large macrocycle preventing the sterically bulky N-Me groups 
approaching the metal centre. 
The redox chemistry of these Pd' complexes reflects their stereochemistries. 
The oxidation of Pd' to Pd for the complex [Pd([18]aneN 2S4)]2 occurs at E = 
+0.57 V vs Fc/Fc, and so is similar to [Pd([9]aneS3)2]2t This is consistent with 
the two apical S-donors moving towards the metal centre and adopting the 
tetragonally elongated octahedral geometry preferred by the Pd I .  system. The 
complex [Pd(Me2[18]aneN2S4)]2 shows no oxidative activity. The constraints of the 
large macrocycle and the steric bulk of the methyl groups may prevent the N-donors 
moving towards the apical sites of the Pd metal centre, preventing the stabilisation 
of the Pd state. 
Figure 4.5: Crystal Structure of [Pd([18]aneN 2S4)] 2 
Figure 4.6: Crystal Structure of [Pd(Me 2 [18]aneN2S4)I 2 
Other Pd' complexes have been reported with mixed N,S-donor sets. These 
include [Pd(Me 8 [16]aneN1S,)] 2 , as both the PF and Cl salts, ' 1 " and 
[Pd([9]aneN2S)2 ]2+, again as the PF 6  and Cl-salts. 123 Both salts of 
[Pd(Me3 [16]aneN2S 2)]2  have the same N 2S 2  coordination at the metal centre with no 
apical interactions (Figure 4.7). The salts of [Pd(9]aneN 2S)2] 2  have different 
structures, with the Cl - salt exhibiting an N 4 geometry (Figure 4.8), with the two 
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remaining S-donors pointing away from the metal centre. The structure of the PF 6 
salt is similar to that of [Pd([9]aneS3)2]2  with the S-donors interacting at the apical 
sites (Figure 4.9). The differences in these structures has been attributed to two 
cationic conformations of similar energy stabilised by the electrostatic forces of C1 
and PF6 . The redox chemistries of these complexes have not been reported, so no 
information can be obtained on the Pd complexes of these ligands. 
Figure 4.7: Crystal Structure of [Pd(Me 3 [16]aneN9S7)] 2 
Figure 4.8: Crystal Structure of [Pd([9]aneNS)2]Cl 2 
Figure 4.9: Crystal Structure of {Pd([9]aneN1S)2](PF6)1 
remaining S-donors pointing away from the metal centre. The structure of the PF 6 
salt is similar to that of [Pd([9]aneS3)2]2  with the S-donors interacting at the apical 
sites (Figure 4.9). The differences in these structures has been attributed to two 
cationic conformations of similar energy stabilised by the electrostatic forces of C1 
and PF6 . The redox chemistries of these complexes have not been reported, so no 
information can be obtained on the Pd complexes of these ligands. 
Figure 4.7: Crystal Structure of [Pd(Me 8[16]aneN2S2)} 2 
Figure 4.8: Crystal Structure of [Pd([9]aneN1S)2]C1 1 
Figure 4.9: Crystal Structure of [Pd([9]aneN1S)1](PF6)1 
The aim of the work described in this thesis was to extend the study of mixed 
N,S-donor ligands with Pd' and Pt. Thus, the complexes of Pd' with [9]aneNS,  and 
its N-functional ised derivatives have been studied. The electronic and steric 
properties of the [9]aneNS2  ligand can be altered by changing the substituent of the 
N-donor (see Chapter 2). The chemistry of the complexes of Pd' with the ligands 
[9]aneNS2, Me[9]aneNS 2 and Ts[9]aneNS2  (Figure 4.10) have been examined. 
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Figure 4.10: Structures of [9]aneNS2,  Me[9]aneNS2 and Ts[9]aneNS , 
Very little work has been reported on complexes of [9]aneNS2.  This is 
probably due to the lack of reliable, high yielding synthetic routes to this ligand, as 
discussed in Chapter 2. The first reported synthesis of [9]aneNS 1 was published by 
Parker et al in 1989,98  and reported further in 1990. Parker reports the synthesis 
of [9]aneNS 2 and its earmuff analogue bis-[9]aneNS 2 . The earmuff ligand contains 
two molecules of [9]aneNS 2 linked by a propylene bridge (Figure 4.11). Parker 
reported the synthesis and structure of the Ag' complex of bis-[9]aneNS 2 , [Ag(bis-
[9]aneNS2)]. The Ag' is bound to all six donor atoms in a highly distorted 
octahedral coordination, shown in Figure 4.12, with one short (Ag - S = 2.611(2) 
A) and one long silver - sulphur bond (Ag - S = 2.802(2) A). This structure is a 
compromise between the tendency of the bis-[9]aneNS,  ligand to form six-
coordinate, octahedral complexes and that of d' ° Ag' to form two-coordinate linear 
complexes.'32 
Sj (."~ S 
Figure 4.11: Structure of bis-[9]aneNS 2 
Figure 4.12: Crystal Structure of [Ag(bis-[9]aneNS 2)1 
Previous to the work reported herein, the only other [9]aneNS 2 complex to 
,be published was the Ni l complex, [Ni([9]aneNS 2)2]2 , reported by McAuley et at 
in 1989. 100  The Nil metal centre is octahedrally coordinated to all six donors of the 
ligands, with the N-donors mutually trans (Figure 4.13). The structure shows the 
Ni - N distances (Ni - N = 2.104(4) A) are similar to those found in the complex 
[Ni([9]aneN3)2] 2  (2.10(1) A).'°° The Ni - S distances [Ni - S = 2.408(1) and 
2.4 15(l) A] are similar to those in [Pd([9]aneN 2S)2]2 (2.42(1) A )'133 but longer than 
those found in [Pd([9]aneS 3)1} 2 (2.39(1) A).9° 
Figure 4.13: Crystal Structure of [Ni([9]aneNS)1]2 
4.2 Results and Discussion 
4.2.1 [Pd([9]aneNS 2)2](BF4) 2 
The synthesis and study of the complex [Pd([9]aneNS2)2]2  would complete 
the series {Pd([9]aneX3)2]2,  where X = N, S. The complexes [Pd([9]aneS3)2] 2 , 
2+ 	 2+ 
	
20,119,120,124 
[Pd([9]aneN2S)2J and  [Pd([9]aneN3)2]  have been studied previously, 
with some showing interactions at the apical sites of a square planar Pd' centre. The 
geometry of these complexes is conducive to the formation of stable, mononuclear 
Pd' species, with the Pd' structures of the [9]aneS 3 and [9]aneN3 having been 
reported. By completing the series, the effect of systematically replacing S-donors 
with N-donors on the accessibility of the Pd oxidation state could be assessed. 
Reaction of [Pd(CH 3CN)4](BF4) 2 with two molar equivalents of [9]aneNS 7 in 
CH3CN yielded a red-brown solution from which a purple-blue solid was isolated in 
high yield on the addition of Et20. The product, [Pd([9]aneNS2)2](BF4)2,  was 
recrystallised from CH 3CN / Et20. The FAB mass spectrum of this complex showed 
molecular ions at M = 519 and 431, which were assigned to 
{ [Pd([9]aneNS 2)2] (BF4)) + and [Pd([9]aneNS 2)2-H] + respectively. The assignment of 
this product as [Pd([9]aneNS 2)2](BF4)2 was supported by elemental analysis and IR 
spectroscopy. This was confirmed by 'H and 13C nmr spectroscopy. The 'H nmr 
spectrum of the product shows a broad singlet at S = 5.42 ppm, assigned to the 
proton of the macrocyclic amine and a complex multiplet at 8 = 2.89 - 3.35 ppm 
corresponding to the twelve macrocyclic ring protons (Figure 4.14). The ' 3C 
spectrum shows resonances at 8 = 32.3 ppm, assigned to SCH 2CH2S, 32.9 ppm, 
assigned to SçH2CH2NH,  and another resonance at S = 52.0 ppm, corresponding 
to cH2NH (Figure 4.15). 
4.2.2 Structural Determination of [Pd([9]aneNS 2)2](BF4)2 
In order to ascertain the N,S ligation of [Pd([9]aneNS2)2](BF4)2,  a single 
crystal structural determination was undertaken. The details of the structure solution 
are given in Section 4.4.2. Selected bond lengths, angles and torsions are given in 
Tables 4.1 - 4.3, and a diagram of the cation is shown in Figure 4.16. The crystal 
structure of [Pd([9]aneNS 2)2](BF4) 2 shows primary NS, coordination, Pd - N = 






























Figure 4.16: Crystal Structure of [Pd([9]aneNS,)2J 2 
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thioether S-donors, Pd" S = 3.011(3) A. In the [4 + 2] coordination at Pd', it is 
therefore two S-donors rather than two N-donors which interact with the metal centre 
at long-range. This is consistent with the relative size and polarisability of thioether 
S-donors compared to the stronger a-donating N atoms. The coordination at Pd 11 in 
[Pd([9]aneNS2)2](BF4)2 is therefore very similar to that of [Pd([18] aneN2S4)]2+ . 1 22b 
Pd - N(1) 2.081( 9) C(3) - S(4) 1.823(12) 
Pd - S(4) 3.011( 3) S(4) - C(5) 1.819(11) 
Pd - S(7) 2.322( 3)  - C(6) 1.5 13(15) 
N(1) - C(2) 1.499(15)  - S(7) 1.823(11) 
N(1) - C(9) 1.502(15) S(7) - C(8) 1.827(12) 
C(2) - C(3) 1.536(16) C(8) - C(9) 1.517(16) 
Table 4.1: Selected Bond Lengths (A) with standard deviations of 
[Pd([9]aneNS2)2] (BF 4)2 
N(1) - Pd - S(4) 81.7( 3) Pd - S(4) - C(3) 80.3( 4) 
N(1) - Pd - S(7) 85.8( 3) Pd - S(4) - C(5) 94.1( 4) 
N(1) - C(2) - C(3) 115.3( 9) S(4) - C(S) - C(6) 114.5( 8) 
N(1) - C(9) - C(8) 111.8( 9) S(4) - Pd - S(7) 82.5( 9) 
Pd - N(1) - C(2) 117.5(7) C(S) - C(6) - S(7) 120.4( 8) 
Pd - N(1) - C(9) 106.7( 6) Pd - S(7) - C(6) 107.2( 4) 
C(2) - N(1) - C(9) 109.5( 8) Pd 	- S(7) - C(8) 98.6( 4) 
 - C(3) - S(4) 116.8( 8) C(6) - S(7) - C(8) 104.3( 5) 
 - S(4) - C(S) 103.8( 5) S(7) - C(8) - C(9) 111.4( 8) 
Table 4.2: Selected Angles (°) with standard deviations of [Pd([9]aneNS 2)2](BF4)2 
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N(1) - C(2) - C(3) - S(4) 64.7(11) 
 - C(3) - S(4) - C(5) 42.3( 9) 
 - S(4) - C(5) - C(6) -115.8( 8) 
S(4) - C(5) - C(6) - S(7) 58.2(11) 
 - C(6) - S(7) - C(8) 60.0(10) 
 - S(7) - C(8) - C(9) -122.7( 8) 
S(7) - C(8) - C(9) - N(1) 45.3(11) 
 - C(9) - N(1) - C(2) 71.1(11) 
 - N(1) - C(2) - C(3) -150.4( 9) 
Table 4.3: Selected Torsion Angles (°) with standard deviations of 
[Pd([9]aneNS,) 21F4)2 
Comparison of the structure of [Pd([9]aneNS2)2 ]21  with those of 
[Pd([9]aneS3)2] 2 , [Pd([9]aneN2S)2]2 and [Pd([9]aneN3)2]2  shows the Pd - S 
equatorial bond distances are similar in the complexes of [9]aneS 3 and [9]aneNS 2 , 
with the equatorial Pd - N distances slightly longer for [9]aneNS 2 than either 
[9]aneN2S or [9]aneN 3 . The length of the apical interaction, Pd S, for [9]aneNS 9 
is intermediate between [9]aneS 3 and [9]aneN 2S, suggesting that the strength of the 
interaction lies between the two. This is summarised in Table 4.4. 
Complex Pd - S eq Pd - Neq Pd 	Sap 
[Pd([9]aneS 3)21 2 2.311(3), 2.332(3) - 2.952(4) 
[Pd([9]aneNS 2)2]2 2.322(3) 2.081(9) 3.011(3) 
[Pd([9]aneN2S)2]2 - 2.050(4), 2.061(4) 3.034(1) 
[Pd([9]aneN3)2]2 - 2.050(4), 2.064(4) - 
Table 4.4: Selected Bond Lengths (A) of [Pd([9]aneS3)2 ]2 , [Pd([9]aneNS 2) 2]2 , 
[Pd([9]aneN2S)2]2 + and [Pd([9]aneN3)2]2 + 
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4.2.3 Electrochemical Study of [Pd([9]aneNS 2) 2] (BF4)2 
The cyclic voltammogram of the complex [Pd([9]aneNS 2) 2](BF4) 2 in CH3CN 
/ °Bu4NPF6 at 298K, shown in Figure 4.17, exhibits two chemically reversible 
oxidations at 'E1 = +0.43 V (E = 140 mV) and 2E½ = +0.84 V (AE = 130 
-. mV) vs. Fc IFc assigned to Pd' - Pd' and Pd' - Pd" couples respectively. The 
large peak-to-peak separations suggest significant changes in coordination geometry 
at Pd during these redox changes. Coulometry confirms each of these to be one-
electron processes. 
current 
potential (vs Fc/Fc) 
Figure 4.17: Cyclic Voltammogram of [Pd([9]aneNS2) 2](BF4)2  
Quantitative electrochemical oxidation of [Pd([9]aneNS,-)2 ]21  in CH3 CN at a 
Pt gauze at +0.7 V affords an orange solution of [Pd([9]aneNS 2) 2] 3 , the ESR 
spectrum of which shows a strong signal with g11 = 2.008, CI-L = 2.058, consistent 
with a d7 Pd' centre (Figure 4. 18).2Ll12.l24.l25.126  Superhyperfine coupling to the N-
donors is not observed for this species, suggesting, on the basis of previous work on 
related Ni' and Pd" complexes 1,112,124,125  that the N-donors are bound in the xy 
95 
Figure 4.18: Esr Spectrum of [Pd([9]aneNS2)2J3 

































plane, with the S-donors bound along the z axis, probably at a distance of Ca. 2.5 
A from the Pd' centre. 90 
The oxidation of [Pd([9]aneNS2)2]2 to [Pd([9]aneNS2)21 can also be 
monitored using electronic spectroelectrochemistry, shown in Figure 4.19. Thus, in 
situ electrooxidation of [Pd([9]aneNS2)2]2 [X, 11 , = 260 nm (e = 11 450 dm 3 mol' 
cm')] at 243 K in an optically transparent electrode cell proceeds isosbestically (X 0 
= 280 nm) and quantitatively to afford [Pd([9]aneNS2)2]34 [X, = 245 (5400), 265 
(sh) (9600), 328 (9000), 455 nm (c = 5400 dm3 mol 1 cm- ')]. Reduction back to 
the Pd' starting material occurs quantitatively, reversibly and isosbestically. 
Comparison of the redox potentials of the Pd complex of [9]aneNS2 with the 
Pd11 complexes of [9]aneS3 and [9]aneN3  can be made. No redox chemistry has been 
reported previously for the [9]aneN2S complex. The E ½  value of +0.45 V for the 
Pd 11  to Pd' oxidation of the [9]aneNS2  complex is intermediate between the values 
of [Pd([9]aneS 3)2]2 (+0.605 V) and [Pd([9]aneN3)2] 2 (+0.07 V). This is not 
unexpected, as the Pd S interaction distance of [Pd([9]aneNS 2)2]2  is shorter than 
that of [Pd([9]aneS3)2]2,  so the formation of the six coordinate Pd species will be 
easier. 
4.2.4 [Pd(Me[9]aneNS2)2] (PF 6)2 
The substitution of a methyl group onto the amine N-donor of [9]aneNS2  will 
affect both the steric bulk and the relative basicity of the N-donor. The effect of 
substituting a methyl group onto the N-donor will cause its Lewis donor properties 
to increase. This will have interesting consequences on the complex 
[Pd([9]aneNS2)2]2 . 
Reaction of PdC1 2 with two molar equivalents of Me[9]aneNS 2 in a solvent 
mixture of H 20, MeOH and CH3CN yielded a green solution. Addition of excess 
NH4PF6 followed by Et20 allowed a green coloured product to be isolated in high 
yield. After purification by recrystallisation from CH 3NOI I Et20, the FAB mass 
spectrum of this product showed molecular ions at M = 605 and 460, which were 
assigned to ([Pd(Me[9]aneNS2)2](PF5)}and [Pd(Me[9]aneNS 2) 2] respectively. This 
data, combined with elemental analysis and JR spectroscopy, confirmed the product 
to be [Pd(Me[9]aneNS 2)2](PF6)2 . This was supported by 'H nmr spectroscopy. The 
'H nmr spectrum of the product shows a complex multiplet at 8 = 2.99- 3.47 ppm, 
assigned to the protons of the macrocyclic ring, and a singlet at 5 = 2.53 ppm 
corresponding to the methyl protons. 
4.2.5 Structural Determination of [Pd(Me[9]aneNS2)2]  (PF6)2 
In order to determine the N,S ligation of the N-substituted ligand, 
Me[9]aneNS2, a single crystal structural determination was undertaken on the 
complex [Pd(Me[9]aneNS2)2](PF6)2.  The details of the structure solution-are given 
in Section 4.4.4. Selected bond lengths, angles and torsions are given in Tables 4.5 
- 4.7, and a diagram of the cation is shown in Figure 4.20. Surprisingly, the 
structure of {Pd(Me[9]aneNS 2)2 (PF6)2 shows the metal centre bound to all four 
thioether S-donors in a square planar arrangement, Pd - S = 2.322(2), 2.312(2) A, 
with long-range interactions to both the remaining N-donors, Pd N = 2.768(5) A. 
This is a very unusual structure, as N-donors usually bind equatorially to the metal 
centre as in [Pd([9]aneNS2)21(BF4)2,  or do not interact at all, as in [Pd([9]aneN 3)21 2 . 
Previously, the only other potential apical interaction of N-donors with the metal 
centre has been seen in the complex [Pd(Me3[9]aneN3)(NCMe)2],  reported by 
Schröder et al. 112  The Pd' metal centre is bound to two N-donors from the 
macrocycle, Pd - N = 2.037(7) A, and two N-donors from the acetonitrile groups, 
Pd - N = 2.016(6) A, in an equatorial plane. The third N-donor of the macrocycle 
interacts at long range with the Pd' centre, Pd N = 2.523(8) A, to give a 
distorted square-based pyramidal structure, shown in Figure 4.21. 
In order to determine whether the apical 	interactions in 
[Pd(Me[9]aneNS2)2](PF6)2 are due to steric or electronic effects, molecular modelling 
studies were carried out. Space-filling models of [Pd([9]aneNS2)2I2  were constructed 
with the N-Me group coordinated both in the equatorial and in the apical positions 
(Figure 4.22). These models show that, sterically, the N-Me moiety can coordinate 
to the metal centre in either mode. This suggests that the possible apical interaction 
between the metal centre and the N-Me group is an electronic effect. The 
substitution of the N-Me group for the N-H group causes the basicity of the N-donor 
to increase, enhancing the possibility of a Pd N interaction. 
Figure 4.20: Crystal Structure of [Pd(Me[9]aneNS 2) 2] (PF6)2 
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Figure 4.21: Crystal Structure of [Pd(Me3[9]aneN3)(NCMe)2] 
Figure 4.22: Molecular Model of [Pd(Me[9]aneNS,) 2] 2 - Equatorial NMe 
(Cont. Over) 
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Figure 4.22: Molecular Model of [Pd([9aneNS 2)2]2 - Apical NMe 
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Pd 	-S(1) 2.322(2) S(4)-C(5). 1.833(6) 
Pd - S(4) 2.312( 2) - C(6) 1.518( 9) 
Pd - N(7) 2.768( 5) - N(7) 1.476( 8) 
S(1) - C(2) 1.843( 6) N(7) - C(8) 1.472( 8) 
S(l) - C(9) 1.817(7) N(7) -C(7M) 1.472( 8) 
 - C(3) 1.507(9) C(8) - C(9) 1.535( 9) 
 - S(4) 1.823(6) 
Table 4.5: Selected Bond Lengths (A) with standard deviations of 
[Pd(Me[9]aneNS7)2] (PF6)2 
5(1) - Pd - S(4) 89.0( 5) C(3) - S(4) - C(5) 102.2( 3) 
Pd - S(1) -  105.1( 2) S(4) - C(5) - C(6) 115.0(4) 
Pd - S(1) - C(9) 102.9( 2) C(S) - C(6) - N(7) 114.5( 5) 
S(1) - Pd - N(7) 77.6( 1) C(6) - N(7) - C(8) 114.1(5) 
S(4) - Pd - N(7) 79.1( 1) C(6) - N(7) -C(7M) 112.3(5) 
C(2) - 5(1) - C(9) 102.6( 3) C(8) - N(7) -C(7M) 110.9( 5) 
S(1) - C(2) - C(3) 111.3( 4) Pd - N(7) - C(6) 98.9( 3) 
C(2) - C(3) - S(4) 115.3( 4) Pd - N(7) - C(8) 107.3( 3) 
Pd - S(4) -  99.6(2) N(7) - C(8) - C(9) 110.9(5) 
Pd - S(4) - C(S) 107.0( 2) S(1) - C(9) - C(8) 11.8(4) 
Table 4.6: Selected Angles (°) with standard deviations of 
[Pd(Me[9]aneNS 2) 2J(PF6)2 
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C(9) - S(1) -  - C(3) 127.9( 4) 
C(2) - S(1) - C(9) - C(8) -56.2( 5) 
S(1) - C(2) -  - S(4) -47.0( 5) 
 - C(3) - S(4) - C(5) -62.1( 5) 
 - S(4) - - C(6) 127.2( 5) 
S(4) - C(5) -  - N(7) -57.1( 6) 
C(5) - C(6) - N(7) - C(8) -61.5( 7) 
- C(6) - N(7) - C(7M) 171.2( 5) 
N(7) - C(8) - C(9) - S(1) -57.8( 6) 
C(7M) - N(7) - C(8) - C(9).-93.3( 6) 
- N(7) - C(8) - C(9) 138.7( 5) 
Table 4.7: Selected Torsion angles (°) with standard deviations:of 
[Pd(Me[9]aneNS2)2] (PF 5) 2 
4.2.6 Electrochemical Study of [Pd(Me[9]aneNS2)2]  (PF6) 2 
Following the discovery of a new stereochemistry at Pd', the electrochemistry 
of this complex would be expected to prove equally interesting. The cyclic 
voltammogram of the complex [Pd(Me[9]aneNS2)2](PF6)2  in CH3CN / Bu4NPF6 at 
298K exhibited two electrochemically irreversible oxidations 1 E½ = 0.61 V (AE = 
250 mV) and 2Ea = + 1.08 V vs. Fc/Fc (Figure 4.23). Coulometric studies show 
these oxidations to involve the transfer of one electron per molecule of complex. 
Quantitative electrochemical oxidation of [Pd(Me[9]aneNS 1)71 2 in CH3CN, at a Pt 
gauze at +0.9 V, affords a pink solution of [Pd(Me[9]aneNS 2)2] 3 , which is ESR 
silent, suggesting that the Pd' species may be dimerising. The second oxidation seen 
in the cyclic voltammogram at + 1.08 V could be the oxidation of this Pd dimer. 
The oxidation of [Pd(Me[9]aneNS2)2]2  to the [Pd(Me[9]aneNS2)2]3  species can be 
monitored spectroelectrochemically. This in situ electrooxidation of 
[Pd(Me[9]aneNS2)2] 2 Rmax = 293 (18 100), 375 nm (C max = 3200 dm3 mol 1 cm-1 )] 
at 243 K in an optically transparent electrode proceeds quantitatively to afford 
[Pd(Me[9]aneNS 2) 2] 3  [X = 255 (10 200), 324 (9 000), 460 (4100), 495 nm (e 
= 4100 dm  mol 1 cm')]. Reduction of this species causes the bands to collapse, 
indicating that the starting material cannot be regenerated. 
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current 
potential (vs Fc/Fc) 
Figure 4.23: Cyclic voltammogram of [Pd(Me[9]aneNS2)2](PF6)2 
4.2.7 {Pd(Ts[9]aneNS2)2](PF6)2 
The effect of substituting a methyl group on the N-donor of [9]aneNS1  had 
a large influence on the chemistry of the ligand. It was hoped to extend this 
influence by changing the substituted group to the much bulkier tosyl group. 
The reaction of PdC1 2 with two molar equivalents of Ts[9]aneNS1  in CH3 CN 
resulted in an orange solution, which yielded a yellow product on addition of excess 
NH4PF6 followed by Et20. After purification by recrystallisation from CH 3CN - 
Et10, the FAB mass spectrum of the product showed molecular ions at M = 887, 
739 and 585, which were assigned to {[Pd(Ts[9]aneNS ,)2](PF6)}, 
[Pd(Ts [9]aneNS2)2-H] + and [Pd([9]aneNS2)  (Ts [9]aneNS2)J + respectively. This data, 
combined with elemental analysis and JR spectroscopy, confirmed the product to be 
[Pd (Ts [9]aneNS1)2] (PF 6),. 
4.2.8 Structural Determination of [Pd(Ts [9]aneNS 2)2] (PF 6), 
The substitution of a tosyl group onto the N-donor of the [9]aneNS,  ligand 
has a significant impact on the steric bulk of the ligand. In order to determine the 
effect of this greatly increased steric bulk, the single-crystal structure of the complex 
[Pd(Ts{9aneNS2)2](PF6)1 was undertaken. The details of the structure solution are 
given in Section 4.4.6. Selected bond lengths, angles and torsions are given in 
Tables 4.8 - 4.10, and a diagram of the cation is shown in Figure 4.24. 
105 
Figure 4.24: Crystal Structure of [Pd(Ts [9]aneNS 2)2] (PF6)2 
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The crystal structure of the complex shows that the four thioether donors are 
coordinated to the Pd' metal centre in a square planar arrangement, Pd - S = 
2.311(2), 2.298(3) A, with the two N-donors non-interacting, and pointing away 
from the Pd' centre, Pd N = 2.934(5) A. There may be long-range interactions 
between the metal centre and the two 0 atoms, but this would be purely 
electrostatic. The [S 4
] 
geometry of the complex [Pd(Ts[9]aneNS2)2](PF6)2  is a result 
of the steric bulk of the tosyl group forcing the tridentate ligand to adopt a bidentate 
coordination. Sterically, the N-donors cannot get close enough to form any kind of 
interaction with the metal centre. 
Pd-S(4) 2.298( 3) N(7)-C(8) L-473(9) 
Pd-S(1) 2.311( 2) N(7)-S(3TS) 1.628( 6) 
S(1)-C(9) 1.817( 7) C(8)-C(9) 1.511(10) 
S(1)-C(2) 1.819( 7) S(3TS)-0(1TS) 1.424( 6) 
C(2)-C(3) 1.509( 9) S(3TS)-0(2TB) 1.489( 8) 
C(3)-S(4) 1.807( 6) S(3TS)-C(1TS) 1.757( 7) 
S(4)-C(5A) 1.820( 9) C(1TS)-C(2TS) 1.376(10) 
S(4)-C(5B) 1.831( 8) C(1TS)-C(6TS) 1.380(10) 
C(5A)-C(6A) 1.534( 9) C(2TS)-C(3TS) 1.389(11) 
C(6A)-N(7) 1.493( 9) C(4TS)-C(5TS) 1.380(11) 
C(5B)-C(6B) 1.529( 9) C(4TS)-C(1ME) 1.497(11) 
C(6B)-N(7) 1.484( 8) C(5TS)-C(6TS) 1.392(11) 
Table 4.8: Selected Bond Lengths (A) with standard deviations of 
[Pd(Ts[9]aneNS 2) 2] (PF6) 2 
S(4)-Pd-S(1) 89.05( 8) C(9)-S(1)-C(2) 103.4( 4) 
C(9)-S(1)-Pd 103.1(2) C(2)-S(1)-Pd 105.1(2) 
C(3)-C(2)-S(1) 112.6( 4) C(2)-C(3)-S(4) 114.9( 5) 
C(3)-S(4)-C(5A) 94.8( 7) C(3)-S(4)-C(5B) 114.8( 6) 
Table 4.9 (Continued overleaf) 
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C(3)-S(4)-Pd 101.8( 2) C(5A)-S(4)-Pd 109.2( 3) 
C(5B)-S(4)-Pd 103.1( 4) C(6A)-C(5A)-S(4) 114.5(7) 
N(7)-C(6A)-C(5A) 113.3( 8) C(6B)-C(5B)-S(4) 117.8( 7) 
N(7)-C(6B)-C(5B) 113.4(7) C(8)-N(7)-C(6B) 103.2( 8) 
C(8)-N(7)-C(6A) 133.0( 8) C(8)-N(7)-S(3TS) 115.5( 4) 
C(6B)-N(7)-S(3TS) 128.0( 7) C(6A)-N(7)-S(3TS) 103.1(6) 
N(7)-C(8)-C(9) 114.3( 5) C(8)-C(9)-S(1) 117.4( 5) 
O( 1TS)-S(3TS)-O(2TA) 104.6( 5) O( 1TS)-S(3TS)-O(2TB) '1-31.9(4) 
0(2TA)-S(3TS)-0(2TB) 29.0(4) O( 1TS)-S(3TS)-N(7) 105.7(3) 
0(2TA)-S(3TS)-N(7) 117.3(4) O(2TB)-S(3TS)-N(7) 95.8( 4) 
O(1TS)-S(3TS)-C(1TS) 109.4( 3) 0(2TA)-S(3TS)-C(1TS) 111.9( 4) 
0(2TB)-S(3TS)-C(1TS) 104.0( 4) N(7)-S(3TS)-C(1TS) 107.6( 3) 
C(2TS)-C(1TS)-C(6TS) 121.1( 7) C(2TS)-C(1TS)-S(3TS) 119.4( 5) 
C(6TS)-C(1TS)-S(3TS) 119.4( 6) C(1TS)-C(2TS)-C(3TS) 119.4(7) 
C(2TS)-C(3TS)-C(4TS) 120.8(7) C(5TS)-C(4TS)-C(3TS) 118.6(7) 
C(5TS)-C(4TS)-C(1ME) 121.1( 8) C(3TS)-C(4TS)-C(1ME) 120.3( 8) 
C(4TS)-C(5TS)-C(6TS) 121.3( 7) C(1TS)-C(6TS)-C(5TS) 118.8( 7) 
Table 4.9 (Continued): Selected Angles (°) with standard deviations of 
[Pd(Ts[9]aneNS2)2] (PF 6) 2 
C(9) - 5(1) - C(2) - C(3) -131.4( 5) 
5(1) - C(2) - C(3) - S(4) 45.1( 7) 
C(2) - C(3) - S(4) - C(5A) 68.7( 6) 
- C(3) - S(4) - C(513) 68.5( 6) 
- S(4) - C(5A) - C(6A) -128.4(11) 
C(5B) - S(4) - C(5A) - C(6A) 51.1(10) 
S(4) - C(5A) - C(6A) - N(7) 63.9(14) 
C(3) - S(4) - C(513) - C(613) -54.3(12) 
C(5A) - S(4) - C(513) - C(613) -54.8(1 1) 
Table 4.10 (Continued overleaf) 
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S(4) - C(513) - C(613) - N(7) -57.0(15) 
C(513) - C(613) - N(7) - C(8) 134.5(10) 
C(513) - C(613) - N(7) - C(6A) -48.8( 9) 
C(5B) - C(613) - N(7) - S(3TS) -87.5(10) 
C(5A) - C(6A) - N(7) - C(8) 57.6(13) 
C(5A) - C(6A) - N(7) - S(3TS) -157.3( 9) 
C(613) - N(7) - C(8) - C(9) -124.7( 7) 
C(6A) - N(7) - C(8) - C(9) -127.0( 8) 
S(3TS) - N(7) - C(8) - C(9) 91.1(7) 
N(7) - C(8) - C(9) - S(1) 51.2( 8) 
Table 4. 10: Selected Torsion Angles (°) with standard deviations of 
[Pd(Ts[9]aneNS2)21(PF6)2 
4.2.9 Electrochemical Study of [Pd(Ts [9]aneNS 2) 2] (PF6)2 
The complex [Pd(Ts[9]aneNS2)21(PF6)2  shows no redox behaviour. Pd 
normally adopts a tetragonally distorted octahedral geometry, which this complex 
cannot achieve due to the steric bulk of the tosylated ligand blocking the apical sites. 
4.3 Conclusions 
The complexes [Pd([9]aneNS 2)2] (BF4)2 , [Pd(Me[9]aneNS 2) 2] (PF6)2 and 
[Pd(Ts[9]aneNS 2) 2](PF6) 2 have been synthesised and characterised. The complex 
[Pd([9]aneNS2)2](BF4)2 has been shown to adopt a [N 2S2 + S2] geometry around the 
Pd' metal centre. In contrast, the complex [Pd(Me[9]aneNS1)2](PF6)2  adopts a unique 
[S4 + N21 geometry, with apically interacting N-donors. This reflects the effect of 
incorporating a methyl group on the amine donor. The complex 
[Pd(Ts[9]aneNS2)2](PF6)2 has a simple square planar [S 4] geometry, due to the large 
steric bulk of the tosyl group bound to the N-donor inhibiting any interaction. 
The redox chemistry of the three complexes [Pd([9]aneNS 2)21(BF4)
2
, 
[Pd(Me[9]aneNS 2) 2](PF6)2 and [Pd(Ts[9]aneNS2)2](PF6)2 has been studied, and are 
summarised in Table 4.11. [Pd([9]aneNS 2)2](BF4)2 undergoes two quasi-reversible 
oxidations, whereas [Pd(Me[9]aneNS2)2]  (PF6)2 undergoes two irreversible oxidations, 
ME 
and [Pd(Ts[9]aneNS2)21(PF6)2  shows no redox activity. The Pd' to Pd' oxidation 
of [Pd([9]aneNS2)2 121  is intermediate between the corresponding oxidations of 
[Pd([9]aneS3)2]2 + and [Pd([9]aneN 3)2]2 . The complex [Pd([9]aneNS 2)2] 3 + exhibits 
strong ESR behaviour, consistent with a d 7 Pd metal centre, but the product from 
the oxidation of [Pd(Me[9]aneNS 2) 2](PF6)2 is ESR silent. This suggests that the Pd tm 
species is dimerising. The oxidations of [Pd([9]aneNS2)2}(PF6)2  and 
{Pd(Me[9]aneNS2)21(PF6)2 result in two quite different products, with the oxidation 
of [Pd([9]aneNS 2)2](PF6)2 being metal-based, and the oxidation product of 
[Pd(Me[9]aneNS2)2] (PF 6) 2 being very unstable. 
Complex 'E½ (AE mV) 2E½ (AE mV) 
[Pd([9]aneNS2)2}(BF4)2 +0.43 (140) +0.84 (130) 
[Pd(Me[9]aneNS 2) 2] (PF6)2 +0.61(250) +1.08 (irr.) 
[Pd(Ts[9]aneNS 2)2}(PF 6)2 None None 
Table 4.11: Summary of Electrochemical Data of [Pd([9]aneNS 2)2](BF4)2 , 
[Pd(Me[9]aneNS2)21 (PF 6) 2 and [Pd(Ts [9]aneNS 2)2] (PF6) 2 
4.4 Experimental Procedure 
4.4. 1 Synthesis of [Pd([9]aneNS 2) 2](BF4)2 
The complex [Pd(CH 3CN)4](BF4)2 (36 mg, 8 x 10 mol) was treated with 
[9]aneNS 2 (30 mg, 1.8 x 10 mol) in dry, degassed CH 3CN (2 cm') for 1 hour at 
room temperature. The resultant red - brown solution was reduced in volume to 1 
cm3 , and on addition of Et20 a purple blue precipitate was formed which was 
collected, recrystallised from CH 3CN - Et20 and dried in vacuo. Yield = 62%. 
Elemental analysis: found %C = 23.20, %H = 3.85, %N = 4.50; calculated for 
[Pd([9]aneNS 2) 2](BF4)2 %C = 23.76, %H = 4.30, %N = 4.60. FAB mass 
spectrum in 3-nitrobenzyl alcohol: found M 519 and 432; calculated for 
[Pd([9]aneNS2)2(BF4)] + 	 519 
[Pd([9]aneNS 2)2 	 432 
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'H nmr spectrum (CD 3CN, 298 K) S = 5.42 (br s, 2H, NH), 3.35 - 2.89 ppm (m, 
12H, CH2). 13C nmr spectrum (CD3CN, 298 K) S = 52.0 (CH2N), 32.9 and 32.3 
ppm (CH2S). IR spectrum (KBr disk): 3450, 3380, 3085, 3010, 2960, 2850, 1085, 
1035 cm-1 . 
4.4.2 Single Crystal Structure of [Pd([9]aneNS2)2}( 13F4)2 
Crystals of [Pd([9]aneNS 2)21(BF4)2  were grown by diffusion of Et20 vapour 
into a solution of the complex in CH 3CN. A purple block (0.56 x 0.56 x 0.74 
MITI  3)  suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
diffractometer and cooled using an Oxford Cryosystems Low Temperature Device.' 
Crystal data: [Pd(C 12H24N2S4)]2  2BF4- .2H20, M = 642.54, monoclinic, space group 
P2,1c, a = 9.662(12), b =7.419(5), c = 16.291(9) A, 13 = 94.52(11)°, U = 1164 
A (from 20 values of 19 reflections measured at ±co, 5 < 20 < 45 ° , X = 0.71073 
A), D = 1.73 g cm -', Z = 2, = 1.206 mm', F(000) = 1208. 
Data collection and processing: Graph ite-monochromated MOKa X-radiation, T = 
150.0(2) K, e-20 scans with co scan width (1.50 + 0.347tan0)°, 1348 unique data 
measured (5 :!~ 20 :!~ 45°), h -10 -* 10, k 0 —*7, 10 -* 17, giving 1348 with F~ 
4(P) for use in all calculations. 
Structure analysis and refinement: A Patterson synthesis located the Pd atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. At isotropic convergence, corrections (minimum 0.345, 
maximum 1.288) for absorption were applied using DIFABS.' 35 Refinement (by 
least squares on J)136  with anisotropic thermal parameters for all non-H atoms except 
B, and with H-atoms in fixed calculated positions (amine H atoms not found), 
converged at R, R' = 0.0892, 0.1133, S = 0.911 for 133 parameters, and the final 
AF synthesis showed no feature above 2.14 eA. The weighting scheme w' = c2(J) 
+ 0.00025F2 gave satisfactory agreement analyses and in the final cycle (A/). WS 
0.066. 
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4.4.3 Synthesis and Characterisation of [Pd(Me[9]aneNS2)2](PF6)2 
To a 1:1:1 mixture (30 cm') of H 20, MeOH and CH 3CN was added PdC1 2 
(0.0214 g, 1.2 x 10 mol) and MeNS 2 (0.0403 g, 2.27 x 10 mol). The mixture 
was refluxed for 4 hours under N 2 , resulting in a green - brown solution. Excess 
NH4PF6 was added and the solvent removed, resulting in a green solid. This was 
collected, recrystallised from CH 3NO2 - Et20 and dried in vacuo. Yield = 69%. 
Elemental analysis: found %C 22.04, %H = 4.03, %N = 5.28; calculated for 
[Pd(Me[9]aneNS2)21(PF6)2 %C = 22.42, %H = 4.03, %N = 3.73. FAB mass 
spectrum in 3-nitrobenzyl alcohol: found M = 605 and 460; calculated for 
[Pd(Me[9]aneNS 2)2(PF6)] + 605, [Pd(Me[9]aneNS2)2] + 460. IR spectrum (KBr disk): 
2945, 2860, 1555, 1465, 1405, 1310, 840, 555 cm'. 'H nmr spectrum (CD 3CN, 298 
K): 5 = 2.99 - 3.47 (m , 12H, CH2), 2.53 ppm (s, 3H, CH 3). 
4.4.4 Single Crystal Structure of [Pd(Me[9]aneNS2)2]  (PF6)2 
Crystals of [Pd(Me[9]aneNS2)2](PF6)2  were grown by diffusion of Et,O 
vapour into a solution of the complex in CH 3NO2 . A green lath (0.23 x 0.16 x 0.06 
mm  3)  suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
diffractometer and cooled using an Oxford Cryosystems Low Temperature Device. 1 
Crystal data: [C 14H30N2S4Pd] 2 t2PF6 .4C3H60, M = 959.29, monoclinic, space 
group C2/c, a = 19.000(5), b = 9.288(2), c = 21.185(6) A, 0 = 122.777(12) 0 , 
U = 3143 A3 (from 20 values of 37 reflections measured at ±o, 5 < 20 < 450, 
= 0.71073 A), D = 1.255 g cm 3 , Z = 4, 1A = 0.991 mm', F(000) = 1760. 
Data collection and processing: Graph ite-monochromated Mo-Ka X-radiation, T = 
150.0(1) K, 03-28 scans with 03 scan width (0.90 + 0.347tan8)°, 1924 unique data 
measured (5 < 20 ::!~ 45°), /1-20 -~ 17, k 0 -* 9, 10 -> 22, giving 1627 with F~: 4a(F) 
for use in all calculations. 
Structure analysis and refinement: A Patterson synthesis located the Pd atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. The solvent atoms were overlapping, so their occupancy 
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was allowed to refine and the molecules were set in fixed calculated positions. 
Refinement (by least squares on F)  136 with anisotropic thermal parameters for all 
non-H atoms, and with H-atoms in fixed calculated positions, converged at R, R' = 
0.0345, 0.0471, S = 1.155 for 211 parameters, and the final AF synthesis showed 
no feature above 2.12 ek. The weighting scheme w' = 2(F) + 0.000422F2 gave 
satisfactory agreement analyses and in the final cycle (A/c), was 0.11. 
4.4.5 Synthesis and Characterisation of [Pd(Ts[9]aneNS2)21(PF6)2 
PdC1 2 (0.0285 g, 1.61 x 10' mol) and Ts[9]aneNS2  (0. 1064 g, 3.35 x 10 
mol) were refluxed in CH 3CN (30 em') for 4 hours, under N 2 . Excess NH4PF6 was 
added to the resultant orange solution and the solvent removed, leaving an orange 
solid. This product was collected, recrystallised from CH 3NO2 - Et20 and the now 
yellow product dried in vacuo. Yield = 64%. Elemental analysis: found %C = 
28.86, %H = 3.77, %N = 3.46; calculated for [Pd(Ts[9]aneNS2)2](PF6)2 %C = 
30.28, %H = 3.71, %N = 2.72. FAB mass spectrum in CH 3CN/ thf/ 3-nitrobenzyl 
alcohol matrix: found M = 887, 739 and 585; calculated for 
{Pd(Ts[9]aneNS2)2](PF6) ' 	 885 
[Pd(Ts[9]aneNS 2)2-H] ' 	 739 
[Pd([9]aneNS2)(Ts[9]aneNS2) + 	585 
JR spectrum (KBr disk): 3650, 3460, 2650, 1600, 1330, 1155, 835, 690, 555 cm. 
4.4.6 Single Crystal Structure of [Pd(Ts[9]aneNS 2) 2](PF5)2 
Crystals of [Pd(Ts[9]aneNS 2) 2](PF5)2 were grown by diffusion of Et20 vapour 
into a solution of the complex in CH 3 NO2 . A yellow column (0.35 x 0.25 x 0.15 
MITI 
3)  suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
diffractometer and cooled using an Oxford Cryosystems Low Temperature Device.' 
Crystal data: [Pd(C I3H 19NS302) 2J 2 . 2PF6 .2CH3N02 3H20, M =1201.37, triclinic, 
space group P, a = 7.804(7), b = 12.492(6), c = 14.238(14) A, a = 104.43(6), 
= 93.32(6), y = 107.95(5) 0 , U = 1265 A (from 29 values of 42 reflections 
measured at ±ü, 5 < 20 < 45, X = 0.71073 A), Dc = 1.578 g cm 3 , Z = 1, a 
= 0.773 mm', F(000) = 608. 
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Data collection and processing. 	Graph ite-monochromated Mo-Ka X-radiation, 
T = 150.0(1) K, o -28 scans with co scan width (1.20 + 0.347tan8)°, 3330 unique 
data measured (5 :~ 28 :~ 45°), h -8 -* 8, k -13 -> 13, 1-5 - 15, giving 3310 with F 
~ 4cr(P) for use in all calculations. 
Structure analysis and refinement: A Patterson synthesis located the Pd atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. Two C atoms of the [9]aneNS 2 ring were found to be 
disordered over two orientations. This was modelled successfully by refining the 
ethylene bridge as a rigid group with the bond lengths given in Table 4.12. After 
refinement, he occupancy of these two orientations was fixed at 0.5. One of the 0 
atoms of the tosyl group was also disordered over two orientations and the 
occupancy of each orientation was similarly assigned to be 0.5. The solvent water 
was disordered over several sites, so the occupancies of the 0 atoms were allowed 
to refine. No H atoms could be located in the AF synthesis, so the H atoms were 
added in fixed calculated positions. Refinement (by least squares on F) 137 with 
anisotropic thermal parameters for all non-H atoms, and with H-atoms in fixed 
calculated positions, converged at R, [F> 4(F)] = 0. 0483, wR 2 [all data] = 0. 1545, 
S[F] = 1.194 for 304 parameters, and the final AF synthesis showed no feature 
above 1.10 ek. The weighting scheme w' = [a2(F02) + (0.0785P)2 + 3.63P], P 
1/3[MAX(F02 ,0) + 2F 2], gave satisfactory agreement analyses and in the final 
cycle (A/o) was 0.49. 
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Bond Bond distance (A) 
S(4) - C(5A), S(4) - C(5B) 1.82(1) 
C(5A) - C(6A), C(5B) - C(6B) 1.52(1) 
C(6A) - N(7), C(6B) - N(7) 1.47(1) 
C(5A) - N(7), C(5B) - N(7) 2.55(1) 
S(4) - C(6A), S(4) - C(6B) 2.85(1) 




Platinum(II) Complexes of [9]aneNS2  and its 
Derivatives 
5.1 Introduction 
The usual oxidation states of Pt are II and IV, similar to Pd, which was 
discussed in Section 4.1. Unlike Pd, many Pt" complexes are thermally stable and 
kinetically inert, as expected for a low spin d 6 metal centre. For example, a range 
of Pt" complexes of the hexamine series [PtAm 6]X4 to [PtX6] 2 have been prepared, 
including the intermediates [PtAm 4X2J2 and [PtAm2X41, where the amines include 
ammonia, hydroxylamine and ethylenediamine, and X is halogen, hydroxide or nitro 
groups. 138 Although the oxidation states II and IV dominate the chemistry of Pt, 
complexes of Pt' are known, but generally contain metal-metal bonds. Extensive 
studies have been made of PO complexes, usually involving tertiary phosphine 
ligands. Very little is known of the chemistry of the Pt state. 139 
Some macrocyclic ligands have several possible coordination modes, and this 
can be exploited in the study of Pt complexes in different oxidation states. The d 8 
metal centre of Pt' prefers a four-coordinate, square planar geometry; the d 6 metal 
centre, Pt', coordinates octahedrally to six donors; the d 7 metal centre, Pt, is 
thought to adopt a six-coordinate, distorted octahedral geometry similar to Pd, 
discussed in Chapter 4. As many macrocyclic ligands have flexible coordination 
modes, the oxidation state of the metal centre can be changed without the ligand 
being modified. This change in coordination mode with changing oxidation state can 
be seen in the complexes of Pt with the ligand [9]aneS3. 
The Pt' complex, [Pt([9]aneS3)2]2,  is very unusual, as the metal centre 
adopts a five-coordinate geometry, 113  shown in Figure 5. 1, with bonds to two S-
donors from each macrocycle, Pt - S = 2.25(1) - 2.30(1) A, and a long-range 
interaction with only one of the remaining S-donors, Pt ' S = 2.88(1) A. The sixth 
S-donor does not interact and points away from the metal centre, Pt ..... S = 
4.04(1) A. This is a unique [4+1] geometry, and has not been seen in other 
potentially hexadentate thioether macrocyclic complexes. The complex 
[Pt([9]aneS3)2] 2  undergoes an overall two-electron oxidation at EIA = + 0.39 V vs 
Fc/Fc, but the intermediate Pt" species can be detected. The ESR spectrum of this 
intermediate Pt' species shows an anisotropic signal with g 1 = 2.044 and g11 = 
1.987 with coupling to "'Pt, A 1 = 30 G and A ll = 85 G. This is similar to the ESR 
spectrum assigned to the transient, octahedral [Pt(diamsar)] 3 , 11  suggesting that the 
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complex [Pt([9]aneS 3)2]' has a distorted octahedral geometry, reminiscent of its Pd" 
analogue (Section 4.1). The adoption of an octahedral geometry demonstrates the 
coordinative flexibility of the trithia ligand [9]aneS 3 , as it adapts to the 
stereochemical and electronic requirements of both the Pt" and Pt' metal centres. 
The [4+1] coordination of the Pt" species allows the oxidation to the six-coordinate 
Pt' species to occur relatively easily. 
Figure 5.1: Crystal Structure of [Pt([9]aneS 3)2]2 
The importance of the coordinative flexibility of [9]aneS 3 in stabilising Pttm 
is reflected by the dearth of other thioether macrocyclic complexes of Pt" which 
show coordinate flexibility, and so oxidative activity. Complexes of Pt" with the 
tetradentate ligands [12]aneS 4 ," 6 [14]aneS4 117  and [16]aneS 4 14 ' have all been 
structurally characterised, and show the Pt" metal centres coordinated to all four S-
donors in square planar geometries. There are no apical interactions comparable with 
those found in [Pt([9]aneS3)2] 2 , and none of the complexes exhibit any oxidative 
activity in the absence of further ligands. This suggests that square planar complexes 
of the higher oxidation states of Pt are difficult to achieve. The complex 
[Pt([18]aneS 5)]2  adopts a [4+2] geometry, with the Pt" metal centre bound to four 
of the S-donors in a square planar arrangement, Pt - S = 2.298(3), 2.295(2) A, with 
the two remaining S-donors interacting with the metal centre at apical positions, 
Pt- S = 3.380(3) A (Figure 5.2).h18 The cyclic voltammogram of the complex 
[Pt([18]aneS 5)] 2 shows no oxidative activity. The oxidation of [Pt([18]aneS 6)] 2 to 
[Pt([18]aneS 6)] 3  does occur, but is kinetically controlled and is slow, so the cyclic 
voltammogram shows no wave. This reinforces the need for a potentially octahedral 
environment around the Pt metal centre to allow the formation of the higher 
oxidation states. 
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Figure 5.2: Crystal structure of [Pt([18]ãneS 6)]2 
Studies have been undertaken on complexes of Pt" with. thioether 
macrocycles. The complex [Pt([9]aneS 3)Me3] has been structurally characterised, 142 
and the single crystal X-ray structure shows the Pt" metal centre in an octahedral 
environment, coordinated facially to all three S-donors of the macrocycle, Pt - S = 
2.405(3), 2.405(3), 2.411(3) A, with the three methyl groups completing the 
coordination sphere, shown in Figure 5.3. Nmr studies have shown that the 
complexes [Pt([12]aneS 4)Me3J and {Pt([12]aneS 30)Me3] have similar octahedral 
stereochemistries, with the Pt' centre bound to three S-donors and three methyl 
groups. 142 
Figure 5.3: Crystal structure of [Pt([9]aneS3)Me3] 
The stabilisation of the Pt' oxidation state by macrocyclic ligands has been 
extended beyond thioether donors. Wieghardt et al have found that the complex 
[Pt([9]aneN 3) 2] 2  can be oxidised by molecular oxygen to the corresponding Pt" 
complex, [Pt([9]aneN3) 2] 4 t The stereochemistry of the Pt" complex has been 
determined, and shows the metal centre coordinated to two N-donors from each of 
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the ligands in a square planar geometry, Pt - N = 2.077(9), 2.074(9) A, with the 
remaining two N-donors pointed away from the metal centre (Figure 5.4). The nmr 
spectrum of the oxidised product suggests that the Pt' metal centre adopts an 
octahedral geometry, with coordination to all six N-donors. No electrochemical data 
is available for this redox reaction, but the oxidation must be relatively facile to 
occur with molecular oxygen. 
Figure 5.4: Crystal Structure of [Pt([9]aneN3)2J 2 
The effect of incorporating a mixed N,S donor set into macrocyclic ligands 
on complexes of Pt' has been studied in Edinburgh. Investigations into the 
stereochemistry around the Pt' centre and the redox chemistry of these complexes 
have been made. These studies have included the Pt complexes of [18]aneN 2S4 and 
Me2{18]aneN2S4 . 122L Neither of these complexes have been structurally characterised 
by X-ray crystallography, but solution studies have indicated that the complex 
[Pt(Me2 [18]aneN,S 4)]2 adopts a structure similar to its Pd' analogue, with the Pt' 
metal centre bound to the four S-donors in a square planar arrangement, with the 
two N-donors pointing away from the metal centre. The structure of the complex 
[Pt([ 1 8]aneN2S4)] 2  has not been assigned. The complex {Pt(Me 2 [18]aneN1S 4)12  has 
been found to show no oxidative activity; the steric bulk of the N-methyl groups 
preventing the N-donors interacting at the apical sites of the Pt metal centre. The 
ligand Me2[18]aneN2S4 has only one coordination mode with Pt, and cannot 
coordinate using all six donors. The complex [Pt([18]aneN1S 4)] 2 does show 
oxidative activity, with an extremely broad, two-electron oxidative wave centred at 
E½  = +0.54 V vs Fc/Fc, with a very large peak-to-peak separation of AE = 
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1 080 mV at  scan rate of 330 mVs', indicating that a major stereochemical change 
is occurring during the oxidation. A transient Pt" species can be seen using 
spectroelectrochemistry and ESR spectroscopy, indicating that the oxidation is 
actually overlapping Pt"/Pt' and Pt/Pt" redox couples. The ligand [18]aneN 2S4 is 
able to adopt several different coordination modes, 3" and so can stabilise the II, III 
and IV oxidation states of Pt. 
Other complexes of Pt' have been studied with mixed N,S donor sets. These 
include [Pt(Me8 [16]aneN2S2)Cl2] and [Pt([9]aneN2S)2 ]21.  Nmr studies of 
[Pt(Me8 [16]aneN2S2)C12] suggest that the complex exists as a mixture of two isomers 
in solution; one isomer containing square planar Pt, the other trigonal bipyramidal 
Pt. 12 ' No electrochemistry has been reported, so no information on the Pt' or Pt" 
species can be obtained. The complex [Pt([ 9]aneN2S)2] 2  has been reported as both 
the Br- and the PF 6  salts, with both salts exhibiting the same structure. 12' The Pt" 
metal centre is coordinated to all four N-donor atoms in a square planar 
arrangement, Pt - N = 2.08(1) A, with both the remaining S-donors pointing away 
from the metal centre, Pt .....S = 3.936(2) A (Figure 5.5). This geometry contrasts 
with the trithia complex [Pt([9]aneS 3)2] 2 , which shows one Pt S interaction, but 
it is comparable with the triaza complex [Pt([9]aneN 3)2} 2 , which exhibits no apical 
interactions. No electrochemistry has been reported for the complex 
[Pt([9]aneN2S)2]2 , but if the trend found in the analogous Pd series is followed, it 
would be expected that the E ½ value of the Pt"/Pt redox couple would be slightly 
less anodic than the value of +0.46 V found for [Pt([9]aneS 3) 2]21 . A complex of Pt' 
with [9]aneN2S has been reported by Heinzel and Mattes, who found that the 
complex [Pt([9]aneN2S)2 ]21  is easily oxidised to a Pt" species by atmospheric 
oxygen. 113  During the synthesis of [Pt([9]aneN1S)2] 2 in air, they found that the Pt" 
species [Pt([9]aneN2S)Br3] was also formed in considerable amounts. The structure 
of this complex shows the Pt" metal centre to adopt an octahedral coordination 
(Figure 5.6), bound to all three donors of the macrocycle, Pt - N = 2.057(8), 
2.038(2), Pt - S = 2.283(3) A, and to three Br atoms, Pt - Br = 2.454(1), 2.457(1), 
2.477(1) A. The Pt - S bond shows a distinct trans effect; the Pt - Br bond opposite 
to the Pt - S bond is significantly longer than the Pt - Br bonds in the adjacent 
positions. This octahedral stereochemistry conforms to the preference of Pt" for six- 
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coordinate geometries. 
Figure 5.5: Crystal Structure of [Pt([9]aneN 2S) 2] 2 
Figure 5.6: Crystal structure of [Pt([9]aneN,S)Br 3] 
Further studies of [9]aneN 2S complexes have not been extensive, possibly due 
to the difficulty in synthesising the ligand.' The ligand was first reported by 
Hancock et al in 1983,133  with an improved synthesis published in 1985.' The first 
complex of [9]aneN 2S to be published was [Ni([9]aneN 2S)1] 2 , which shows the Ni'  
metal centre in a distorted octahedral environment (see Figure 5.7), coordinated to 
all six macrocyclic donors, Ni - N = 2. 108(2), 2. 122(2), Ni - S = 2.418(1) 
This structure is comparable to the structures of [Ni([ 9]aneS3)1] 2  and 
[Ni([9]aneN3)1] 2t 90"46 The structure of the complex [Cu([9]aneN2S) 2] 2 also shows 
the metal centre with a distorted octahedral geometry (Figure 5.8), Cu - N = 
2.028(3), 2.067(3), Cu - S = 2.707(1) A .  133 This Cu - S bond is long in comparison 
with the Cu - S bonds in the complex [Cu([9]aneS 3)
2
] 2 (Cu - S = 2.43(1) A).' 
This has been attributed to the actual stereochemistry around the Cu' in 
{Cu([9]aneS3)2] 2 being Jahn-Teller distorted, with two short and one long Cu - S 
bonds, but the X-ray crystal structure giving a time-averaged result with all three 
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Cu - S bonds the same, intermediate length. 
Figure 5.7: Crystal structure of [Ni([9]aneN 2S)2] 2 
Figure 5.8: Crystal structure of [Cu([9]aneN 2S) 2]2 
Several half-sandwich complexes of [9]aneN 2S have been reported. The 
structure of [Cu([ 9]aneN2S)Br2] shows the Cu metal centre in a square pyramidal 
geometry (Figure 5•9),147  with two N-donor and two Br atoms lying in the plane, 
Cu - N = 2.03(1), 2.02(1), Cu - Br = 2.449(2), 2.403(2) A, and the S-donor at the 
apical position, Cu - S = 2.567(3) A. This structure is very similar to that of 
[Cu([9]aneN3)Br2J. 148  The structure of [Au([9]aneN 9S)C1 2] also exhibits a square 
pyramidal geometry, with the Au' metal centre lying slightly above the N9C1 2 plane, 
Au - N = 2.065(8), 2.068(8), Au - Cl = 2.286(3), 2.269(4) A, towards the apically 
interacting S-donor, Au S = 2.973(3) A (Figure 5. 10).123'  This is a similar 
structure to the half-sandwich complexes of Pd 11 with thioether macrocycles.' 49 
122 
Figure 5.9: Crystal Structure of [Cu([9]aneN2S)Br2] 
Figure 5.10: Crystal structure of [Au({9]aneN 2S)C1 2] 
The ligand [9]aneN 2S has also been found to form some polynuclear 
complexes. The trinuclear complex [Pd 3 ([9]aneN2S)4C1,] was reported by Heinzel 
and Mattes,' and has a central [Pd([9]aneN 2S)2] 2  group bridged via its thioether 
donor atoms to two [Pd({9]aneN 2S)Cl] moieties (Figure 5.11). The central Pd" is 
coordinated to four N-donors in a square planar arrangement, Pd - N = 2.034(9) 1 
2.070(8) A, with apical interactions to the two S-donors, Pd S = 3.08(2). The 
terminal Pd' metal centres are coordinated to the N-donors of the remaining 
[9]aneN2S ligands, Pd - N = 2.03(1), 2.06(1) A, a Cl atom Pd - Cl = 2.308(3) A. 
and, surprisingly, to a thioether donor of the central [9]aneN1S ligand, Pd - S = 
2.308(3). There is also an apical interaction to the thioether donor of the terminal 
[9]aneN2S, Pd S = 3.008(2) A. These apical interactions with Pd" are not seen 
in the Cl - salt of [Pd([9]aneN,S) 2] 2 , but are present in the PF 6  salt. The only other 
polynuclear structure of [9]aneN 2S is [Ag4 ([9]aneN,S) 4 1 4 +. 123b  This Ag' complex is 
a cyclic tetramer (Figure 5.12), with each Ag' bound to two N-donors and two S- 
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donors, Ag - N = 2.306(8), 2.339(9), Ag - S = 2.403(2), 2.705(2) A. Each S-
donor is coordinated to two Ag' metal centres, forming the cyclic tetramer. 
Figure 5.11: Crystal Structure of [Pd 3 ([9]aneN2S)4C12] 
Figure 5.12: Crystal Structure of [Ag 4 ([9]aneN,S) 4]4 
The synthesis of the ligand [10]aneN 1S has been reported by McAuley et 
al.'5° The structure of its Ni' complex, [Ni([10]aneN 2S)2] 2 , shows the Ni' in a 
distorted octahedral geometry (Figure 5.13), bound to all six donor atoms, Ni - N 
= 2.141(5), 2. 143(4), Ni - S = 2.395(1). The Ni - N bond lengths are comparable 
to those of [Ni([10]aneN 3)9]2 ,' 5 ' but longer than those of [Ni([9]aneN 1S)2] 2 . The 
Ni - S distance is shorter than the corresponding Ni - S distance in 
[Ni([9]aneN2S)2] 2 . These differences reflect the ability of the ten-membered ring to 
expand, and for the S-donor to reach over and encapsulate the Ni' centre better than 
the nine-membered ring. 
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Figure 5.13: Crystal Structure of [Ni([10]aneN 2S)2J 2 
In order to extend this work on mixed N,S-donor ligands, the Pt" complex 
of the mixed aza-thià ligand [9]aneNS2  was studied. The complex may show apical 
interactions, in common with the purely thioether [9]aneS3  ligand complex, or there 
may be no apical interactions, in a similar way to the N-donor dominated [9]aneN 3 
and [9]aneN2S  ligand complexes. Alternatively, a different stereochemistry at the Pt" 
centre may be adopted as a compromise. 
The electronic and steric properties of the sole N-donor of [9]aneNS2  can be 
altered by substituting functional groups. The basicity and the steric bulk of the N-
donor is increased by methylating the N-donor. This will have a significant effect on 
the coordination of Me[9]aneNS2  compared to [9]aneNS1. The steric bulk of the 
functional group can be further increased by incorporating a tosyl group, to give the 
ligand Ts[9]aneNS2. 
5.2 Results and Discussion 
5.2. 1 [Pt([9]aneNS2) 2](PF6)
2 
 
As discussed in Chapter 2, synthetic routes to [9]aneNS2  have only recently 
been published. The recent accessibility of this ligand allows the synthesis and study 
of the complex [Pt([9]aneNS2)2]2  and complete the series [Pt([9]aneX 3) 2] 2 (X = 
N or S). The complexes [Pt([ 9]aneS3)2] 2 , [Pt([9]aneN2S)2] 2 and  [Pt([9]aneN3)1] 2 
have been synthesised previously, with apical interactions seen only in the trithia 
complex. 123a,139,142  The potential for hexadentate coordination suggests that these 
ligand systems may be effective in stabilising Pt' and Pt", which prefer octahedral 
stereochemistries. With the synthesis of [Pt([9]aneNS1)1]2,  the series will be 
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completed, so the systematic replacement of S-donors with N-donors on the 
accessibility of the higher oxidation states of Pt can be studied. 
Reaction of PtCl 2 with two molar equivalents of [9]aneNS 2 in a 1:1:1 mixture 
of H20, MeOH and CH3CN yielded a yellow solution. Addition of excess NH 4PF6 
followed by Et20 allowed the isolation of the yellow product in high yield, which 
was recrystallised from CH 3 NO2 - Et20. The FAB mass spectrum of this product 
showed molecular ions at M = 667 and 519, which were assigned to 
{ [Pt([9]aneNS2)2 + H] (PF 6)} + and [Pt([9]aneNS2-H)2] + respectively. The product was 
therefore formulated as [Pt([9]aneNS 2)2](PF6)2 , an assignment supported by elemental 
analysis and JR spectroscopy. This was confirmed further by 'H and ' 3C nmr 
spectroscopy. The - 'H nmr spectrum of the product shows a complex multipletat 6 
3.05 - 3.58 ppm corresponding to the twelve methylene protons of the 
macrocyclic ring. No resonances were observed for the amine protons, possibly due 
to rapid exchange. The ' 3C nmr spectrum shows a resonance at 6 = 35.5 ppm, 
assigned to the CH 2S groups of the macrocyclic ring, and another resonance at 6 = 
54.9 ppm corresponding to the CH 2N groups. 
5.2.2 Structural Determination of [Pt([9]aneNS 2)2] (PF6) 2 
In order to ascertain N,S ligation and the coordination geometry at the metal 
centre, a single crystal X-ray structural determination of [Pt([9]aneNS 2) 2](PF6) 2 was 
undertaken. The details of the structure solution are given in Section 5.4.2. Selected 
bond lengths, angles and torsions are given in Tables 5.1 -5.3, and a diagram of the 
cation is shown in Figure 5. 14. The crystal structure of [Pt([9]aneNS 2)2](PF6)2 shows 
primary N2S2 coordination, Pt - N = 2.067(6), Pt - S = 2.301(2) A, with long 
range interactions to both the two remaining thioether S-donors, Pt S = 3.076(2) 
A. In the [4 + 2] coordination at Pt', it is therefore the two S-donors rather than the 
two N-donors which interact with the metal centre at long range. This geometry has 
not previously been seen for a Pt' complex with tridentate macrocyclic ligands; the 
complex [Pt([9]aneS3)2]2  has a [4+1] geometry, the metal centre interacts with only 
one of the potentially apical donors. The complexes of the other N-containing 
macrocycles in this series, [Pt([9]aneN2S)2]2  and [Pt([9]aneN 3)2] 2 , both show the 
metal centre with a square planar geometry, bound to four N-donors and with no 
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Figure 5.14: Cystal Structure of [Pt([9]aneNS2)2](PF6)2 
interactions to the remaining donors. The geometry found in the complex 
[Pt([9]aneNS2)2] 2  is similar to that of the corresponding Pd' complex, 
[Pd([9]aneNS2)2] 24  (see Section 4.2.2), and that of the complex 
[Pd([18]aneN2S4)]2+.122b This geometry is consistent with the relative size and 
polarisability of thioether S-donors compared to the stronger a-donating N atoms. 
Pt 	- S(1) 2.301( 1) C(3) - S(4) 1.812( 6) 
Pt 	- N(7) 2.069( 4) S(4) - C(S) 1.821( 6) 
Pt - S(4) 3.076( 1)  - C(6) 1.512( 8) 
5(1) - C(2) 1.823( 6)  - N(7) 1.522( 7) 
S(1) - C(9) 1.838( 6) N(7) - C(8) 1.496( 7) 
C(2) - C(3) 1.525( 8) C(8) - C(9) 1.513( 8) 
Table 5.1: Selected Bond Lengths (A) with standard deviations of 
[Pt([9]aneNS2)1] (PF 6)2 
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S(1) - Pt - S(4) 81.7(4) Pt - S(4) - C(S) 78.8( 2) 
S(1) - Pt - N(7) 85.4( 1) C(3) - S(4) - C(5) 104.O( 3) 
N(7) - Pt - S(4) 81.5( 1) S(4) - C(5) - C(6) 118.0(4) 
Pt - S(1) - C(2) 108.4( 2)  - C(6) - N(7) 116.4( 5) 
Pt - S(1) - C(9) 99.5(2) Pt 	- N(7) - C(6) 117.1( 3) 
C(2) - S(1) - C(9) 103.6( 3) Pt 	- N(7) - C(8) 107.4( 3) 
S(1) - C(2) - C(3) 119.0(4)  - N(7) - C(8) 110.0(4) 
C(2) - C(3) - S(4) 114.7( 4) N(7) - C(8) - C(9) i11.6( 4) 
Pt - S(4) - C(3) 92.9( 2) S(1) - C(9) - C(8) 109.8( 4) 
Table 5.2: Selected Angles (°) with standard deviations of [Pt([9]aneNS 2)2](PF6) 2 
C(9) - S(1) - C(2) - C(3) -59.2( 5) S(4) - C(S) - C(6) - N(7) -65.0( 6) 
C(2) - S(1) - C(9) - C(8) 125.4( 4) C(S) - C(6) - N(7) - C(8) 149.2( 5) 
S(1) - C(2) - C(3) - S(4) -60.6( 5) C(6) - N(7) - C(8) - C(9) -70.3( 5) 
 - C(3) - S(4) - C(S) 115.3( 4) N(7) - C(8) - C(9) - S(1) -46.3( 5) 
 - S(4) - C(5) - C(6) -39.9( 5) 
Table 5.3: Selected Torsion Angles (°) with standard deviations of 
[Pt([9]aneNS 2)2] (PF6)2 
5.2.3 Electrochemical Study of [Pt([9]aneNS2)2](PF6)2 
The cyclic voltammogram of the complex [Pt([9]aneNS 2)2](PF6)2 in 
CH3CN/Bu4NPF6 at 298 K (shown in Figure 5.15) exhibits a chemically-reversible 
oxidation at E ½ = +0.38 V vs. Fc/Fc, AE = 400 mV, assigned to the Pt" - Pt"' 
couple. The large peak-to-peak separation suggests a significant change in 
coordination geometry at the Pt during the redox process. The value of E,,_ for this 
complex is less positive than that of the corresponding [9]aneS 3 complex by 0.08 V. 
This suggests that the oxidation of the [9]aneNS2  species is slightly easier than that 
of the [9]aneS 3 complex. This is probably due to the equatorial binding of the N-
donor, which is a stronger cs-donor than a thioether donor. Coulometry confirms the 
oxidation of [Pt([9]aneNS2)2]2  to be a two-electron process. No esr active species 
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is formed during the oxidation. This suggests that the redox process could be a 
concerted two-electron step, or that the intermediate Pt' species dimerises, and that 
the resulting Pt'-Pt' dimer is further oxidised to a Pt"-Pt" dimer. 
cur rcnt 
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Figure 5.16: Spectroelectrochemical Oxidation of [Pt([9]aneNS 2)2]2 
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The oxidation of the Pt' species can be monitored using electronic 
spectroelectrochemistry in an optically transparent cell. Thus, the in situ 
electrooxidation of [Pt([9]aneNS 2)2](PF6)2 P1.=  300 (2000), 360 nm (e = 990 
dm3mol'cm')] at 243 K results in the Pt" spectrum [A, = 285 (5650), 360 nm (c 
= 2050 dm3mol 1cm')]. This is shown in Figure 5.16. Reduction back to the Pd' 
starting material occurs reversibly. 
The oxidation of the complex [Pt([9]aneNS2)2 ]21  is more facile than the solely 
thioether donor complex [Pt([9]aneS3)2]2t  This suggests that the coordination of a 
N-donor to the metal ion stabilises the formation of the Pt" species. These values 
cannot be compared to the values of [Pt([9]aneN 3) 2]2 and [Pt([9]aneN2S)2]2,  as 
their redox chemistry has not been reported. 
5.2.4 [Pt(Me[9]aneNS 2)2](PF6)2 
Reaction of K2PtC14 with two equivalents of Me[9]aneNS2  in a 1:1:1 mixture 
of H20, MeOH and CH3CN yielded a bright yellow solution. Addition of excess 
NH4PF6 followed by Et20 allowed the yellow product to be isolated in high yield. 
This product was recrystallised from CH 3NO2 - Et20. The FAB mass spectrum of 
this product showed molecular ions at M = 696 and 548, which were assigned to 
{ [Pt(Me[9]aneNS 2)2] (PF6) } + and [Pt([9]aneNS2)2 + H] + respectively. This data, 
combined with elemental analysis and IR spectroscopy confirmed the product to be 
[Pt(Me[9]aneNS 2)2] (PF6)2 . 
5.2.5 Structural Determination of [Pt(Me[9]aneNS2)2]  (PF6)2 
The structure of the Pd' analogue of this complex, [Pd(Me[9]aneNS 2) 2](PF6) 2 , 
is very interesting (see Section 4.2.5), with the metal ion centre bound equatorially 
to both S-donors from each macrocyclic ligand, and apical interactions with both the 
remaining alkylated N-donors. This is a novel coordination geometry, and in order 
to determine if the same interesting geometry was repeated in the Pt' complex, the 
single crystal X-ray structure of [Pt(Me[9]aneNS 2)2](PF6) 2  was determined. Crystals 
of the complex were grown, and diffraction data collected but the structure could not 
be fully refined as all six of the donor atom sites contained both S and N character. 
The model which could be obtained suggests that the Pt' metal centre is coordinated 
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to four donor atoms in a square planar geometry, and that the two remaining donors 
are interacting at the apical sites. The identity of these apically interacting donors 
cannot be deduced. Details of the structure solution are given in Section 5.4.4. 
5.2.6 Electrochemical Study of [Pt(Me[9]aneNS2)2](PF6)2 
The cyclic voltammetry of [Pt(Me[9]aneNS 2)21(PF6)2 in Bu4NPF6/CH3CN at 
298 K shows no oxidative activity. This may be due to the alkylated N-donor groups 
blocking the apical sites of the metal, preventing the metal centre from adopting its 
preferred geometry. It may also be that an oxidation does occur, but is kinetically 
slow and does not occur on the cyclic voltammetric time-scale. 
5.2.7 [Pt(Ts[9]aneNS2)2](PF6)2 
The effect of substituting the small methyl group onto the amine N-donor of 
[9]aneNS2 is unclear, but all six donors appear to be interacting. The substitution of 
the much bulkier tosyl group onto the amine N-donor should prevent any apical 
interactions. 
Reaction of PtCl 2 with two equivalents of Ts[9]aneNS2  in CH3CN yielded a 
yellow solution after the transient formation of a pale yellow solid. This transiently-
formed solid was probably [Pt(Ts[9]aneNS2)C12],  which would be relatively insoluble 
in CH3CN. Addition of NH4PF6 followed by Et20 allowed the colourless solid to be 
isolated in high yield. After purification by recrystallisation from CH 3NO2 - Et20, 
the FAB mass spectrum of the product showed molecular ions at M = 975 and 
829, which were assigned to { [Pt(Ts [9]aneNS,) 2 + H] (PF6) } + and [Pt(Ts [9]aneNS 9)2] + 
respectively. This data, combined with elemental analysis and IR spectroscopy, 
confirmed the product to be [Pt(Ts[9]aneNS 2) 2](PF6) 2 . 
5.2.7 Structural Determination of [Pt(Ts [9]aneNS 2)2] (PF6)2 
The single crystal X-ray structure of the complex [Pt(Ts[9]aneNS 2) 21(PF6)2  
was determined to compare the geometry of this complex geometry with that of its 
Pd' analogue, described in Section 4.2.7. Crystals of the complex were grown, but 
the structure could not be refined fully. Details of the refinements are given in 
Section 5.4.6. The environment of the Pt' metal centre was successfully modelled 
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Figure 5.17: Crystal Structure of [Pt(Ts[9]aneNS2) ,] 2 
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(Figure 5.17), and shows the Pt' bound to all four S-donors, Pt - S = 2.30, 2.28 
A, in a square planar geometry, with the SPtS angles = 88, 92°. The two N-donors 
do not interact, Pt" N = 3.6 A, and are pointed away from the metal centre. In 
contrast with the structure of [Pd(Ts[9]aneNS2)2](PF6)2  (see Section 4.2.7), the tosyl 
groups of [Pt(Ts[9]aneNS2)21(PF6)2  are oriented away from the metal centre. This 
difference in structure may be due to a possible Pd 0 electrostatic interaction in 
[Pd(Ts[9]aneNS2)2]21 . The large steric bulk of the tosyl group has forced the 
complex to adopt a strictly square planar geometry at the Pt , metal centre. 
5.2.8 Electrochemical Study of [Pt(Ts [9]aneNS 2)2] (PF6) 2 
The cyclic voltammogram Of the complex [Pt(Ts[9]aneNS,) 2](PF6) 2 in 
Bu4NPF6/CH3CN at 298 K shows the complex to have no redox behaviour. This is 
also seen for the analogous Pd' complex (see Section 4.2.8). The lack of redox 
behaviour in both the Pd and Pt complexes is due to the large steric bulk of the tosyl 
group blocking the apical sites of the Pt' centre, making it unable to form a distorted 
octahedron, the preferred geometry for a PP species, or an octahedron, the 
preferred geometry of a Pt" species. Thus, the ligand Ts[9]aneNS2  shows no 
coordinate flexibility, and cannot support the alternative geometries required by the 
higher oxidation states of Pt. 
5.3 Conclusions 
The Pt" complexes [Pt([9]aneNS2)2]  (PP6)2 . [Pt(Me[9]aneNS 2)2] (PP6)2 and 
[Pt(Ts[9]aneNS 2)2](PF6) 2 have been synthesised and characterised. The complex 
[Pt([9]aneNS 2)2](PF5)2 has been shown to adopt a [N 2S 2 + S21 geometry around the 
Pt" metal centre. The geometry around the Pt" metal centre in the complex 
[Pt(Me[9]aneNS 2) 2] could not be determined from single crystal X-ray diffraction 
studies, but it is thought that all six donors interact with the metal centre. In 
contrast, the complex [Pt(Ts[9]aneNS2)2](PF6)2  has a simple square planar [S 4] 
geometry, due to the steric bulk of the tosyl ligand blocking the apical sites. The 
uncoordinated part of the ligand pointed away from the metal centre, exhibiting a 
different stereochemistry to that of its Pd" analogue. 
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The redox properties of the three complexes [Pt([9]aneNS2)2](PF6)2, 
[Pt(Me[9]aneNS2)21(PF6)2 and [Pt(Ts[9]aneNS2)2](PF6)2  have been studied, and are 
summarised in Table 5.4. {Pt([9]aneNS2)2j  (PF6)2 undergoes one chemically-reversible 
oxidation, whereas both [Pt(Me[9]aneNS2)2]  (PF6)2 and [Pt(Ts [9]aneNS2)2]  (PF5)2 show 
no oxidative activity. The oxidation of [Pt([9]aneNS2)2]2  to [Pt([9]aneNS 2)2] 4 
appears to be a concerted two-electron process, with no intermediate Pt species 
being detected. 
Complex E 	(AE) 
[Pt([9]aneNS2)2](PF6)2 +0.38 (400) 
[Pt(Me[9]aneNS 2)2}(PF6) 2 - 
[Pt(Ts [9]aneNS 2)2] (PF6)2 - 
Table 5.4: Summary of Electrochemical Data for [Pt([9]aneNS 2)2](PF6)2 , 
[Pt(Me[9]aneNS2)2] (PF 6) 2 and [Pt(Ts [9]aneNS2)2]  (PF6)2 
5.4 Experimental Procedure 
5.4.1 Synthesis of [Pt([9]aneNS 2)2](PF6)2 
To a 1:1: 1 mixture of H 20, MeOH and CH 3CN (30 cm 3) was added 
[9]aneNS2 (0.0331 g, 1.36 X 10 moles) and PtC1 2 (0.0255 g, 5.6 x iO moles). 
The mixture was refluxed under N 2 for 4 hours, giving a yellow coloured solution. 
Excess NH4PF6 was added, and the product precipitated by the addition of Et 20. The 
resulting yellow solid was isolated and recrystallised from CH 3NO2 - Et,O and dried 
in vacuo. Yield = 75%. Elemental analysis: found %C = 16.88, %H = 3.09, %N 
= 3.71; calculated for [Pt([9]aneNS 2)2](PF6) 2 %C = 17.76 %H = 3.23 %N = 
3.45. FAB mass spectrum (in 3-NOBA matrix): found M = 667 and 519; 
calculated for 
[Pt([9]aneNS2)2(PF6)] + 	 666 
[Pt([9]aneNS 2)2] + 	 521 
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IH nmr spectrum (200.13 MHz, CD 3CN, 298 K) 6 = 3.05 - 3.58 (m, 12H, CH,). 
13C spectrum (200.13 MHz, CD3CN, 298 K) 6 = 54.9 (CH2N), 35.5 (CH2S). IR 
spectrum (KBr disk): 3340, 3155, 1435, 830(s), 560(s) cm- '. Electronic spectrum in 
CH3CN: A = 300 (2000), 360 nm (c, = 990 dm3m0l'cm 1). 
5.4.2 Single Crystal Structure of {Pt([9]aneNS2)2] (PF6)2 
Crystals of [Pt([9]aneNS2)2](PF6)2 were grown by diffusion of Et 20 vapour 
into a solution of the complex in CH 3NO2 . A yellow lath (0.39 x 0.23 x QA2 mm 3) 
suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle diffractometer 
and cooled using an Oxford Cryosystems Low Temperature Device.' 
Crystal data: [Pt(C6H13NS2)2]22PF6.2CH3NO2,M = 933.71, triclinic, space group 
P, a = 7.768(7), b = 9.994(8), c = 11.426(13) A, a = 99.49(6), 3 = 109.08(3), 
7 111.98(4)°, U = 734 A3 (from 28 values of 25 reflections measured at ±(, 
5 28 :!~ °, X = 0.71073 A), D = 2.034 g cm 3 , Z = 1, 1A = 5.260 mm', F(000) 
= 455.95. 
Data collection and processing: 	Graph ite-monochromated Mo-Ku X-radiation, 
T = 150.0(1) K, o-28 scans with o scan width (0.99 + 0.347tan0)°,1922 unique 
data measured (5 :!~ 28 :!~ 45 0), h -8 -> 7, k -10 -* 10, 10 -* 12, giving 1912 with F 
~! 4a(F) for use in all calculations. 
Structural analysis and refinement: A Patterson synthesis located the Pt atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. At isotropic convergence, corrections (mm. 0.921, max. 
1.041) for absorption were applied using DIFABS.' 35 Disorder in the PF 6 counter-
ion was modelled by the setting up of a dummy P atom, and allowing partial 
occupation of alternative sites for the F atoms, centred on the dummy P. Refinement 
(by least squares on F)136 with anisotropic thermal parameters for all non-H atoms 
except the second PF 6 orientation, and with H-atoms in fixed calculated positions 
converged at R, R' = 0.0215, 0.0292, S = 1.112 for 187 parameters, and the final 
AF synthesis showed no feature above 0.89 eA. The weighting scheme w' = G2(F) 
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+ 0.000159F gave satisfactory agreement analyses and in the final cycle 
was 0.008. 
5.4.3 Synthesis of [Pt(Me[9]aneNS2)2]  (PF6) 2 
To a 1: 1: 1 mixture of H20, MeOH and CH3CN (30 cm') were added 
Me[9]aneNS2 (0.0024 g, 1.4 x 10 moles) and K 2PtCI4 (0.0028 g, 6.7 x 10 
moles). The mixture was refluxed under N 2 for 6 hours, resulting in a bright yellow 
solution. Excess NH4PF6 was added and the solvent removed , resulting in--.a yellow 
solid. This was collected, recrystallised from CH 3NO2 - Et20 and dried in vacuo. 
Yield = 68%. Elemental analysis: found %C = 19.21, %H = 2.32, %N 2.92; 
calculated for [Pt(Me[9]aneNS 2)2](PF6)2 %C = 20.02, %H = 3.60, %N = 3.33. 
FAB mass spectrum (3-NOBA): found M = 696 and 548; calculated for 




IR spectrum (KBr disc): 2925, 1465, 1430, 830(s), 557(s) cm. 
5.4.4 Single Crystal Structure of [Pt(Me[9]aneNS 2)2] (PF6)2 
Crystals of [Pt(Me[9]aneNS 2)2](PF6)2 were grown by diffusion of Et20 vapour 
into a solution of the complex in CH 3NO2 . A red tablet (0.4 x 0.4 x 0.2 mm 3) 
suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle diffractometer. 
Crystal Data: [Pt(C 14H30N2S4)]2  2PF6 , M = 839.68, monoclinic, space group 
C2/m, a = 19. 173(10), b = 9.408(5), c = 10.726(5) A, 3 = 122.521(19)°, U = 
1631 A3 (from setting angles for 10 reflections with 30 < 28 < 32 0 , X = 0.71073 
A), Dc = 2.95 g cm 3 , Z = 2, u = 4.70 mm 1 , F(000) = 771.91. 
Data collection and processing. 	Graph ite- monochromated Mo-Ka X-radiation, 
T = 298 K, o -28 scans with co scan width (1.05 + 0.347tan8)°, 1151 unique data 
measured (5 28 :5 45°), h -20 - 17, k 10 -+ 10, 10 -> 11, giving 1151 with F~ 
4y(F) for use in all calculations. 
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Structural analysis and refinement: A Patterson synthesis located the Pt atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. Only partial refinement could be achieved due to a large 
amount of disorder in the structure. 
5.4.5 Synthesis of [Pt(Ts [9]aneNS2)2J  (PF6)2 
To CH3CN (30 cm') was added PtCl 2 (0.0324 g, 1.2 x 10 moles) and 
Ts[9]aneNS2 (0.0777 g, 2.4 X 10 moles). The mixture was refluxed fo.r6 hours. 
During this time, a pale yellow precipitate formed, probably of 
[Pt(Ts[9]aneNS2)C 12], which redissolved, resulting in a yellow solution. Excess 
NH4PF6 was added and the solvent removed. The resulting colourless solid was 
collected, recrystallised from CH 3NO2 - Et20 and dried in vacuo. Yield = 72%. 
Elemental Analysis: found %C = 27.22, %H = 3.31, %N = 2.69; calculated for 
[Pt(Ts[9]aneNS2)2](PF6)2 %C = 27.88, %H = 3.44, %N = 2.50. FAB mass 
spectrum (in a CH3CN/ TFA/ 3-NOBA matrix): found M = 975 and 829; 
calculated for 
[Pt(Ts[9]aneNS2)2](PF6) 	 974 
[Pt(Ts[9]aneNS 2)2] 	 829 
IR spectrum (KBr disc): 3335, 2990, 1340, 1155, 835(s), 690, 560(s) cm'. 
5.4.6 Single Crystal Structure of [Pt(Ts{9}aneNS 2) 2} (PF6), 
Crystals of [Pt(Ts[9]aneNS2)2}(PF6)2  were grown by diffusion of Et20 vapour 
into a solution of the complex in CH 3 NO2 . A yellow block (0.19 x 0.12 x 0.08 
mm 3)  suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
diffractometer and cooled using an Oxford Cryosystems Low Temperature Device.' 
Crystal data: [Pt(C26H38N2S6O4)]2 2PF6 , M = 1119.02, triclinic, space group Fl, 
a = 8.164(4), b = 10.413(6), c = 12.707(6) A, a = 82.99(3), 3 = 87.63(2), y 
= 73.87(4)°, U = 1030 A3 (from 20 values of 18 reflections measured at ±(, 26 
< 20 < 28 0 , X = 0.71073 A), De. = 1.805 g cm 3 , Z = 1, It = 3.88 mm', F(000) 
= 552.0. 
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Data collection and processing: 	Graph ite-monochromated Mo-Ka X-radiation, 
T = 150.0(1)K, -29 scans using on-line profile fitting, 3378 unique data measured 
(5:!~ 29:!~ 45 0), h -8-->8, k -1O--* 11, 10 —> 13, giving 3378 with F ~:4a(F) for use 
in all calculations. 
Structural analysis and refinement: A Patterson synthesis located the Pt atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. The structure could not be fully refined due to the 
presence of severe disorder. 
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Chapter 6 
Palladium(II) Complexes of Functionalised [9]aneNS2 
6. 1 Introduction 
In Chapter 4, the complexes of palladium with the ligands [9]aneNS 2 , 
Me[9]aneNS 2  and Ts[9]aneNS2 were discussed. In this Chapter, the palladium 
complexes of [9]aneNS 2 with different functional groups substituted on the N-donor 
of the ring will be explored. 
The ligand [9]aneNS 2 is of interest since it contains a mixture of soft 
S-donors and hard N-donors in close proximity. By changing the substituent on the 
N-donor, the basicity and steric bulk of the amine can be changed. This can result 
in very unusual coordinations; for example [Pd(Me[9]aneNS2)2]2  (discussed in 
Section 4.2) exhibits an unusual structural geometry with the N-donors capable of 
interacting with the Pd' metal centre at the apical positions, Pd N = 2.768(5) A, 
as shown in Figure 6.1. This is a rare example of possible long-range apical 
interactions between the N-donors and the metal centre. This remarkable 
stereochemistry was brought about by the electron-donating properties of the Me 
group increasing the basicity of the N-donor. Molecular modelling has shown that 
this is not a steric effect, as the Me-N group could coordinate in an equatorial 
position. A similar potential long-range interaction between the N-Me group and a 
Pd" metal centre has also been observed in the complex 
[Pd(Me3 [9]aneN3)(NCMe)21 2 , shown in Figure 6.2. 112  The Pd' metal centre is five-
coordinate, with two macrocyclic N-donors, Pd - N = 2.037(7) A, and two NCMe 
ligands, Pd - N = 2.016(6) A bound in the equatorial plane. The third N-donor of 
the macrocyclic ligand interacts at long range with the Pd 11 metal centre, Pd N = 
2.523(8) A to give a distorted square-based pyramidal structure. 
Figure 6.1: Crystal Structure of [Pd(Me[ 9]aneNS,)21(PF6)2 
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Figure 6.2: Crystal Structure of [Pd(Me 3 [9]aneN3)(NCMe),] 2 + 
There has been much interest in the complexes of functionajised 
macrocyc les ,3c with a range of complexes of pendant arm macrocycles having been 
reported. 113  Many of these pendant arm systems are based on [9]aneN 3 , [12]aneN4 
and [14]aneN4  with the N-donors functiônalised with a variety of pendant arms, 
including acetato (HO 2 CCH 2-), ethanethiol (HSCH I CH 2 -) and 
methylcarbomoylmethyl (Me2NOC-). These ligands are shown in Figure 6.3. One 
of the main thrusts in the area of pendant arm macrocyclic chemistry has been to 
form stable complexes of In  and Ga 3 , which can be used as magnetic resonance 
imaging (MRI) agents.' 
/SH 
HO 	 OH 	
HS  
CH C \ OH 	N 
° Ui 
cH3 - 	cH3 	CH3 
Figure 6.3: The Ligands (HO2CCH2)4 [12]aneN4 , (HSCH2CH23 [9]aneN2 and 
(Me-,NOC) 4 [12]aneN4 
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Several complexes of functioflaliSed macrocycles which do not contain 
pendant arms have been reported. Complexes of the ligands Me3[9]aneN3 , 
'Pr3[9aneN3 and (PhCH2)3[9]aneN3 have been prepared. 
155,156,157 Complexes of 
Me3[9]aneN3 with Cr, Co, Ni, Cu, Fe, Mo, Mn and Rh have been reported, and 
usually form binuclear cations of the type (Me3[9]aneN3)2Cr2(OH)3Y which is 
shown in Figure 6 . 4 . 155 a Each Cr' metal centre is bound to all three of the N-donors 
of one macrocycle, Cr - N = 2.089(4) A, and are linked by three bridging hydroxyl 
groups, Cr - 0 = 1.972(6) A. Each of the Cr" centres is in a distorted octahedral 
environment. These binuclear complexes found with Me3[9aneN3 contrast uith the 
corresponding complexes of the unsubstituted ligand [9]aneN3. The ligand [9]aneN3 
tends to form mononuclear, octahedral complexes with most metal centres.' 58 It has 
been suggested, on the basis of space-filling models, that it is sterically not possible 
to form octahedral complexes containing two Me3[9]aneN3 ligands, since the Me 
groups will interact adversely with one another. The complexes 
(Me3[9]aneN3)M(CO)31 (M = Cr, Mo, W) have also been prepared.' 59 
Figure 6.4: Crystal Structure of [(Me3[ 9]aneN3)2Cr2(OH)3Y 
The bulky tridentate ligand 'Pr3[9]aneN3 and its complexes with Cr', Mo ° , 
Mo", W° , V 11' and V' have been prepared. 
116 The single crystal X-ray structures of 
[Mo('Pr3[9]aneN3)(CO)3} and [Mo('Pr3[9]aneN3)03 have been determined, and show 
that both Mo metal centres are in pseudo-octahedral environments, with facial 
coordination to the three amine donors of the macrocycle (Figure 6.5). The single 
crystal X-ray structure of {Mo{(PhCH2)3[9afleN3}(C0)3I has also been reported, and 
shows a pseudo-octahedral geometry similar to the corresponding 'Pr3[9]aneN, 
complex, shown in Figure 6.6. The complexes [Cr{(PhCH2)3[9]anCN3}(C0)311 and 
[W{(PhCH2)3[9aneN3}(C0)3 have also been prepared.' 57 
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Figure 6.5: Crystal Structure of [Mo('Pr 3 [9]aneN3)(CO) 3 ] 
Cal 
Figure 6.6: Crystal Structure of [Mo{(PhCH2)3[9]aneN3}(CO)3] 
Other functional groups have been substituted onto the N-donors of the 
macrocycle, for example the amide OHC[9]aneN 3 . The Pd11 complex, 
[Pd(OHC[ 9]aneN3)21 2  was reported by Ross. 
160  This shows the Pd 11 metal centre 
bound to the two amine N-donors from each ligand, Pd - N = 2.057(1 3 ), 2.065(10) 
A, to form a square plane, shown in Figure 6.7. The third N-donor is 3.021(12) A 
away from the metal centre. The amide fuction retains its planarity, suggesting there 
is no interaction between the amide group and the metal centre. 
Figure 6.7: Crystal Structure of [Pd(OHC[9]aneN 3 )2 ] 2 
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All the complexes discussed so far contain macrocycles with each donor 
functionalised with the same type of functional group. There have been several 
reports of complexes with the N-donors asymmetrically functionalised.' °9" 6 ' For 
example, the Cu' complex of [9]aneN3 functional ised with one formyl group and two 
2hydroxy-2-methYlPrOPYl groups (L) has been found to have a novel structure.' 62 
In {Cu(L)(CH 3CN)12 , the Cu 11  metal centre is bound to both pendant arm alcohols, 
two N-donors from the macrocycle and one CH 3CN molecule, as shown in Figure 
6.8. In addition, there is a long range interaction between the metal centre and the 
amide N-donor at 2.611(5) A, which appears to occupy the sixth coordination site 
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Figure 6.8: Crystal Structure of [Cu(L)(CH 3 CN)I2 , where L = 1-formyl-4,7- 
bis(2-hydroxy-2-methYlPrOPYl) 1,4 ,7-triazacyclononane 
The aim of the work reported in this Chapter is to extend the functional isation 
of macrocyclic ligands to the mixed N,S-donor ligand [9]aneNS2. The ligands studied 
in this Chapter are HOC[9]aneNS2, CH30C[9aneNS2, PhOC[9]aneNS , 
CH3CH2[9]aneNS2 and PhCH2[9]aneNS2. These ligands are shown in Figure 6.9, and 










Figure 6.9: The Ligands HOC[9]aneNS2, CH30C[9]aneNS1, PhOC[9]aneNS9, 
CH3CH9[9]aneNS 2 and PhCH2[9]aneNS2 
The amide function ROCN- has some interesting chemistry. It is not 
considered a good donor to transition metal centres, as all complexes containing 
amide moieties are coordinated to the metal centre through the amide 0-donor. ' 63 " 64 
This may be explained by looking at the structure of the amide function. The amide 
function is planar, allowing maximum conjugation of the it electrons in the C=0 
bond and the non-bonding pair of -NR2 , leading to the C-N linkage showing some 
double bond character.  16' This is shown in Figure 6.10. This delocalisation makes 
the N-atom a poor a-donor, although the 0 atom is capable of acting as a a-donor. 
:2 R3 
Figure 6.10: The Amide Group 
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The geometry of the complex [Pd(Me[9]aneNS2)2] 2 , discussed in Section 
4.2, demonstrates the effect of alkylating the N-donor of [9]aneNS 2 . It was hoped 
that this effect could be extended by substituting larger alkyl groups onto the 
N-donor of [9]aneNS1. The alkyl groups chosen were CH 3CH2- and PhCH1-. 
6.2 Results and Discussion 
6.2.1 [Pd(HOC[9]aneNS2)2](PF6)2 
Reaction of PdC1, with two molar equivalents of HOC[9]aneNS2  iii CH3CN/ 
CHC13 (1:1) yielded a yellow solution from which a yellow product was isolated after 
the addition of excess NH4PF6 . This product was recrystallised from CH 3 NO2 - Et,O. 
Elemental analysis and JR spectroscopy confirmed the assignment of this product as 
[Pd(HOC[9]aneNS 2)2](PF6)2 . This assignment was supported by 'H nmr 
spectroscopy. The 1 H nmr spectrum of this product (Figure 6.11) shows resonances 
at 6 = 3.30 - 4.07 ppm, a multiplet assigned to the macrocyclic protons, and at 6 
= 8.52 ppm, a singlet corresponding to the proton of the amide group. 
The structure of this complex has not been determined by single crystal X-ray 
diffraction, but a tentative assignment of the structure can be made from nmr and 
electronic spectra. As the N-donor of the amide group is a very poor a-donor, it is 
probable that the two S-donors of the macrocyclic ring are coordinated to the metal 
centre in a square planar configuration. The yellow colour of the product also 
suggests this, as yellow is a colour associated with square planar d 8 complexes. The 
'H nmr chemical shift of S = 8.52 ppm assigned to the amide proton in the complex 
is higher than the chemical shift of S = 8.14 ppm observed for the ligand. This 
change of chemical shift is probably due to the interaction of the amide function and 
the metal centre, suggesting that the N-donor is either bound equatorially, or is 
interacting at the apical position. It suggests that the N-donor is not pointed away 
from the metal centre. This proposal cannot be confirmed without single crystal 



















6.2.2 [Pd(CH30C[9]aneNS) 2] (PF6)2 
The reaction of PdC1 2  with two molar equivalents of CH30C[9]aneNS, in 
CH3CN/ CHCI3  (1:1) yielded a bright yellow solution. A yellow product was isolated 
after the addition of excess NH 4PF6 , which was recrystallised from CH 3 NO., - EtO. 
The FAB mass spectrum of the product showed molecular ions at M = 662 and 
517, which were assigned to {[Pd(CH3 0C[9]aneNS2)2](pF6)} and 
[Pd(CH30C{9]aneNS2)2+H] respectively. The product was therefore formulated as 
[Pd(CH30C[9] aneNS 2)2] (PF6)2 , an assignment that was confirmed by...-elemental 
analysis and JR spectroscopy. The 'H nmr spectrum of this product (Figure 6.12) 
shows a singlet at S = 2.22 ppm assigned to the methyl group and a complex 
multiplet at S 3.36 - 3.97 ppm corresponding to the protons of the macrocyclic 
ring. The ' 3C nmr spectrum in Figure 6.13 shows resonances at S = 21.9 ppm, 
corresponding to the methyl group, at S = 39.4 and 50.3 ppm assigned to CHIS and 
CH2N respectively, and at S = 173.9 ppm, corresponding to the amide group. 
No single crystal X-ray diffraction data is available for this complex, but the 
nmr data tentatively suggests that this complex is square planar, with the metal 
centre bound only to the S-donors of the macrocycle, with the amide group pointing 
away from the metal centre. No change is observed in the chemical shift of the 
amide group, suggesting that no interaction occurs between the amide group and the 
metal centre. 
6.2.3 [Pd(PhOC [9]aneNS 2)9] (PF6)2 
The reaction of PdCl 2  with two molar equivalents of PhOC[9]aneNS. in 
CH3CN/ CHCI 3  (1: 1) yielded a bright yellow solution from which a yellow product 
was isolated after the addition of excess NH 4PF6 . The product was recrystallised 
from CH 3NO2 - Et20. The FAB mass spectrum of the product showed molecular 
ions at M = 784 and 372, which were assigned to {[Pd(PhOC[9]aneNS,)2](PF6)2} 
and [Pd(PhOC[9]aneNS 2)2-H] respectively. This assignment of the product as 
[Pd(PhOC[9]aneNS 2),](PF6) 2 was supported by elemental analysis and JR 
spectroscopy. 'H and ' 3 C nmr spectroscopy confirms this assignment. The 'H nmr 
spectrum of this product, given in Figure 6. 14, shows a resonance at S = 







































































macrocyclic ring. Another resonance is seen at S = 7.41 - 7.53, a multiplet 
corresponding to the five aromatic protons of the amide group. The ' 3C nmr 
spectrum (Figure 6. 15) shows resonances at S = 39.0, 45.5 and 46.5 ppm, assigned 
to the SçH2CH2S,  CH2S and çH2N groups respectively, at S = 125.5, 128.5 and 
129.4 ppm assigned to the aromatic carbons, and at S = 172.7 ppm corresponding 
to the amide carbon. 
The structural assignment of this complex can only be based on nmr data, as 
no single crystal X-ray data is available. There is no change in chemical shift of the 
amide protons on coordination of the metal, suggesting there is no interaction 
between the metal centre and the amide function. This implies that the geometry of 
the complex is square planar, with the metal centre coordinated to the four S-donors 
of the macrocycle. 
6.2.4 [Pd(CH3CH2[9]aneNS2)21  (PF6) 2 
The reaction of PdC1 2 with two molar equivalents of CH3CH2[9]aneNS2 in 
CH3CN/ CHC13 (1:1) resulted in a yellow solution. The addition of excess NH 4PF6 
and the removal of solvent allowed the isolation of the green solid, which was 
recrystallised from CH 3NO2 - Et20. The FAB mass spectrum of this product shows 
molecular ions at M = 635 and 192, assigned to [Pd(CH 3CH2 [9]aneNS 2) 2](PF6)} 
and (CH3CH2[9]aneNS2+H)t  The assignment of this product as 
[Pd(CH3CH2 [9]aneNS 2)2](PF6)2 was supported by elemental analysis and JR 
spectroscopy. The 1 H nmr spectrum shows resonances at S = 3.02 - 3.62 ppm, 
corresponding to the protons of the macrocyclic ring, with a quartet at S = 2.76 - 
2.85 ppm, asigned to the CH2 of the functional group, and a triplet at S = 1.01 - 
1.07 ppm, corresponding to the CH 3 group. The resonances of the CH 2 group has 
shifted 0.25 ppm from that of the ligand, suggesting there may be an interaction 
between the metal centre and the N-donor of the macrocycle. The ' 3C nmr spectrum 
shows a broad resonance at S = 47.9 ppm assigned to the macrocycle. Its broadness 
suggests that there is fluxionality. The resonances of the CH, and CH, groups are 
seen at S = 63.6 and 12 ppm respectively. Again, these are shifted from the 
resonances seen in the ligand, supporting the possible Pd - N interaction. This 









4.5 	 4.0 	 3.5 	 3:0 	 2:5 
ppm 	
2 . 0 	 15 
	
















































A bright yellow solution is formed on the reaction of PdC1 2 with two molar 
equivalents of PhCH2[9]aneNS2  in CH3CN/ CHC1 3 (1:1). After addition of excess 
NH4PF6 , removal of solvent allowed the isolation of the yellow solid. This product 
was purified by recrystallisation from CH 3NO2 - Et20. The FAB mass spectrum of 
this product showed molecular ions at M = 614 and 254, corresponding to 
[Pd(PhCH2[9]aneNS2)2 + H] + and (PhCH2[9]aneNS2 + H) • The assignment of this 
product as [Pd(PhCH2[9]aneNS 2)2](PF6)2 was supported by elemental analysis and ER 
spectroscopy and confirmed by 1 H and 13C nmr spectroscopy. The 'H nmr spectrum 
of this product showed resonances at S = 3.20 - 3.63 ppm, a complex multiplet 
assigned to the twelve protons of the macrocyclic ring, a singlet at - 8 = 4.17 ppm, 
corresponding to the CH 2 group, and another multiplet at S = 7.24 - 7.62 ppm, 
assigned to the five aromatic protons (Figure 6.18). The ' 3C nmr spectrum, given 
in Figure 6.19, shows resonances at S = 38.1, 40.6 and 53.2 ppm, assigned to 
SH2CH2S CH2S  and CH2N respectively; at S = 55.7 ppm, corresponding to the 
CH2 group; and at S = 125.4, 127.9 and 128.7 ppm, assigned to the aromatic 
carbons. 
As with the previous complexes discussed in this Chapter, no single crystal 
X-ray data is available on this complex. The spectroscopy data suggests that there 
may be some interaction between the metal centre and the N-donor of the 
macrocycle, as the chemical shift of the CH 2 of the functional group changes from 
S = 3.66 ppm to S = 4.17 ppm. This implies that the metal centre is coordinated 
to all four S-donors of the macrocycle, with potential apical interactions to both the 
N-donors of the macrocycle. 
6.3 Conclusions 
The complexes [Pd(HOC [9]aneNS 2)2] (PF6)2 , [Pd(CH30C [9]aneNS2) 2] (PF6)2 , 
[Pd(PhOC[9]aneNS 2 ) 2 ] (PF 6 ) 2 , [Pd(CH 3 CH 2 [9] aneNS 2 ) 2 ] (PF 6), and 
[Pd(PhCH2[9]aneNS 2)2](PF6)2 have been synthesised and characterised. 
Without single crystal X-ray diffraction data, it is difficult to draw 
conclusions about the structures of these complexes. Tentative structures can be 
assigned on the basis of nmr and electronic spectroscopy. These provisional 
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structures suggest that all of the complexes form a square planar geometry, with the 
Pd metal centre bound to all four S-donors of the macrocycles. No interactions are 
seen between the N-donors of the macrocycles and the metal centre in the complexes 
[Pd(CH30C[9]aneNS2)21(PF6)2 and [Pd(PhOC[9]aneNS 2)2}(PF6)2 , but there does 
appear to be an interaction between the metal centres and the N-donors of the 
complexes [Pd(HOC [9]aneNS 2)2] (PF6)2 , [Pd(CH3CH2[9]aneNS2)2] (PF6)2 and 
[Pd(PhCH 2 [9]aneNS 2)2](PF6)2 . Single crystal X-ray diffraction studies need to be 
carried out to confirm these structures. 
6.4 Experimental Procedure 
6.4.1 [Pd (HOC [9]aneNS2)2]  (PF6)2 
PdCl2 (0.0143 g, 8.06 x 10' moles) was dissolved in hot CH 3CN (25 cm3) 
over 30 minutes, then HOC[9]aneNS2  (0.0296 g, 1.6 x 10-" moles) in CHC1 3 (5 
cm 3)  was added dropwise and the reaction refluxed for 4 hours. Excess NH 4PF6 was 
added to the resulting yellow solution and the solvent removed. The yellow product 
was recrystallised from CH 3NO2 - Et20 and dried in vacuo. Yield = 69%. 
Elemental Analysis: found %C = 20.95, %H = 3.39, %N = 3.70; calculated for 
[Pd(HOC[9]aneNS2)2](PF6)2 %C = 21.59, %H = 3.36, %N = 3.60. 'H nmr 
spectrum ((CD 3)2CO 3 298K): 6 = 3.30 - 4.07 (m, 12H, CH 2), 8.52 ppm (s, 1H, 
HOC). JR spectrum (KBr disk): 3450, 2970, 2925, 1670, 1555, 1455, 1405, 1355, 
1315, 1150, 840, 560 cm'. Electronic spectrum (CH 3CN): = 370 nm (max = 
2150 dm3mol 1 cm 1 ). 
6.4.2 [Pd(CH 30C[9]aneNS 1) 2}(PF 6)2 
To CH3 CN (25 cm3) was added PdCl 2 (0.019 g, 1.07 X 10" moles) and 
heated until the salt dissolved. A solution of CH 30C[9]aneNS 2 (0.040 g, 2.1 X 10 
moles) in CHC1 3 (5 cm3) was added slowly, and the resulting bright yellow solution 
refluxed for 4 hours under N 2 . Excess NH4PF6 was added and the solvent removed. 
The resulting yellow product was recrystallised from CH 3NO2 - Et,O and dried in 
vacuo. Yield = 56%. Elemental analysis: found %C = 23.05, %H = 3.61, %N = 
3.17; calculated for [Pd(CH3 0C[9]aneNS2)2](PF6)2 %C = 23.81, %H = 3.75, %N 
= 3.47. FAB mass spectrum in 3-nitrobenzyl alcohol: found M = 664 and 516; 
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calculated for 




'H nmr spectrum ((CD 3CN, 298 K): S = 2.22 (s, 3H, CH 3), 3.35 - 3.97 ppm (m, 
6H, CH2). 13C nmr spectrum: S = 21.9 (CH 3), 39.4 (CH2S), 50.3 (CH2N), 173.9 
ppm (CON). IR spectrum (KBr disk): 3335, 3010, 1635, 1405, 1340, 840(s), 560(s) 
cm'. 
6.4.3 [Pd(PhOC[9]aneNS,) 2](PF6) 2 
To CH3CN .(25 cm3) was added PdCl 2 (0.0116 g, 6.5 X 10 moles) and 
heated until the salt dissolved. A solution of PhOC[9]aneNS2  (0.031 g, 1.16 X 10" 
moles) in CHC13 (5 cm3) was added slowly, and the resulting bright yellow solution 
refluxed for 4 hours under N 2 . Excess NH4PF6 was added and the solvent removed. 
The resulting yellow product was recrystallised from CH 3NO2 - Et2O and dried in 
vacuo. Yield = 66%. Elemental analysis: found %C = 33.36, %H = 3.73, %N = 
2.70; calculated for [Pd(PhOC[9]aneNS2)2](PF6)2  %C = 33.54, %H = 3.68, %N 
=.3.01. FAB mass spectrum in 3-nitrobenzyl alcohol: found M = 784 and 372; 
calculated for 
{ [Pd(PhOC [9]aneNS 2)1] (PF6)2 } + 	 784 
[Pd(PhOC[9]aneNS2)-H] + 	 372 
'H nmr spectrum ((CD 3) 2CO 3 298 K): S = 2.92 - 3.45 (m, 12H, CH 2), 7.41 - 7.52 
ppm (m, 5H, aromatic CH). ' 3C nmr spectrum ((CD 3)2CO 3 298 K): S = 39.0 
(SCHICH2S), 45.5 (CHIS), 46.5 (CHIN), 125.5, 128.5, 129.4 (aromatic CH) and 
172.7 ppm (OCN). JR spectrum: 3650, 3335,1630, 1464, 1410, 1355, 1135, 1060, 
840(s), 560(s) cm-1 . Electronic spectrum (CH 3CN): ? = 385 nm (C.a., = 900 
dm3mol'cm'). 
6.4.4 [Pd(CH3CH2[9]aneNS1)2](PF6)2 
To CH3CN (25 cm3) was added PdCl 2 (0.018 g, 1.0 x 10 mol) and the 
mixture stirred until the solid had dissolved. CH 3CH1 [9]aneNS, (0.038 g, 2.0 x 10 
mol) was dissolved in CHCI 3 (5 cm3) and added dropwise to the CH 3CN solution. 
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The mixture was refluxed under N 2 for 4 hours, resulting in a yellow solution. After 
the addition of excess NH 4PF6 , the solvent was removed and the resulting yellow 
solid recrystallised from CH 3NO2 - Et20. Yield = 72 %. Elemental analysis: found 
%C = 24.10, %H = 4.25, %N = 3.99; calculated %C = 24.67, %H = 4.40 %N 
= 3.60. FAB mass spectrum in CH3CN/ 3-nitrobenzyl alcohol: found M = 635 
and 192; calculated for 
[Pd(CH3CH2[9]aneNS2)21 (PF 6) + 	634 
CH3CH2[9]aneNS 2 	 191 
IR spectrum (KBr disk): 3420, 2975, 2880, 1555, 1465, 1405, 1380, 835, 560 cm-1 . 
'H nmr spectrum (CD 3CN, 298 K): 8 = 3.03 - 3.62 ppm (m, 12H, macrocyclic 
CH2), 2.76 - 2.85 ppm (q, 2H, CH2) and 1.01 - 1.07 (t, 12H, CH 3). ' 3C nmr 
spectrum (CD 3CN, 298 K): 6 = 47.9 (br, macrocyclic CH 2), 63.7 (CH2) and 12.0 
ppm (CH3). 
6.4.5 [Pd(PhCH2[9]aneNS 2)2}(PF6)2 
PdCl2 (0.014 g, 8 x 10 mol) was dissolved in CH 3CN (25 cm3), then a 
solution of PhCH 2[9]aneNS 2 (0.040 g, 1.6 X 10' mol) in CHC1 3 was added 
dropwise. The resulting bright yellow solution was refluxed under N 2 for 4 hours. 
Excess NH4PF6 was added and the solvent removed, allowing the isolation of the 
yellow solid which was recrystallised from CH 3NO2 - Et20. Yield = 73%. 
Elemental analysis: found %C = 34.35, %H = 4.31, %N = 3.21; calculated for 
[Pd(PhCH2[9]aneNS 2) 2](PF6)
2 
 %C = 34.58, %H = 4.24, %N = 3.10. FAB mass 
spectrum in CH3CN/ 3-nitrobenzyl alcohol: found M = 614 and 254; calculated 
for 
[Pd(PhCH2 [9]aneNS 2)2 + H] + 	 614 
(PhCH2[9]aneNS2 + H) 
	
254 
nmr spectrum ((CD 3)2CO 3 298 K): S = 3.20 - 3.63 (m, 12H, macrocyclic CH,), 
4.17 (s, 2H, functional group CH,) and 7.24 - 7.62 ppm (m, 5H, aromatic CH). 13C 
nmr spectrum ((CD 3)2CO 3 298 K): S = 38.1 (SCH2CH2S), 40.6 (CH2S), 53.2 
(CH2N), 55.7 (CH2), 125.4, 127.9 and 128.7 ppm (aromatic CH). JR spectrum (KBr 
disk): 3430, 2920, 2845, 1635, 1450, 1400, 1350, 840, 700, 560 cm'. Electronic 
spectrum (CH 3CN): L = 395 nm (C mx, = 3400 dm3mol'cm 1). 
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Chapter 7 
Pd' and Pt" Complexes of Tridentate Thioether 
Macrocycles 
7.1 Introduction 
As discussed previously, the complexes of Pd 11 and Pt" with thioether 
macrocycles have been found to form cations of interesting geometries. "," For 
example, the thioether macrocycle [9]aneS 3  tends to coordinate facially to octahedral 
metal ion centres. 1a,2b.3a,20b 90, 112,113,166,167 This mode of coordination conflicts with the 
preference of the d 8 metal ions Pd 11 and Pt' to form square planar complexes, so a 
compromise geometry is formed in complexes of the type [M([9]aneS 3) 2]2 + . 20b. 2 . 3 
Unusual coordination geometry is also seen in the Pd' and Pt' complexes of other 
th ioether macrocycles. For example, [Pd([9]aneNS2)2]2 +168 {Pt([9]aneNS9)9J2 +169 
[Pd([9]aneN2S)2J2 123  and [Pd([18]aneS6)]2 118 all show apical interactions between 
the metal ion centres and the two remaining S-donors. The degree of this interaction 
varies, and seems to be dependant on several factors. These factors include the 
donor set of the ligand, the flexibility of the ligand and the counterion of the 
complex. By comparing the Pd S distances of complexes, the strength of the apical 
interaction can be assessed - the shorter the distance, the stronger the interaction. 
Pd' complexes containing ligands of different donor sets have been 
structurally characterised by X-ray diffraction. These ligands include [9]aneS3, 
[9]aneNS2, [9]aneN2S and [ 9]aneN3)' 125 A full summary of the properties of these 
complexes are given in Chapter 3. The effect of increasing the number of N-donors 
in the ligand can be measured by comparing the distances between the Pd metal 
centre and the 'apical' macrocyclic donor, given in Table 7.1. 
Ligand Pd 	Donor distance (A) 
[9]aneS3 2.952(4) 
[9]aneNS 2 3.011(3) 
[9]aneN2S 3.034(1) 
[9]aneN3 3.499(5) 
Table 7.1: Pd Donor Distances for the Pd" Complexes of the Ligands [9]aneS 3 , 
[9]aneNS2, [9]aneN2 S and [9]aneN3 
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Table 7.1 shows that increasing the number of N-donors in the ligand 
decreases the strength of the Pd S interaction, possibly due to the stronger cs-donor 
properties of N-donors as compared to S-donors. Table 7.1 also confirms that the 
complex [Pd([9]aneN3 )2] 2 contains no interaction between the metal centre and the 
apical N-donors. 
In Edinburgh, it was discovered that the solid-state structures of thioether 
macrocycic complexes can be dependant on the counterions present.3a  Single crystal 
X-ray diffraction studies of [Pd([ 18] aneS 6)](PF6)2 and [Pd([ 1 8]aneS6)](BPh J revealed 
that the macrocycles adopted different geometries around the metal centre. The PF 6 
salt is green, and the methylene chains of the macrocycle are mutually eclipsed. In 
contrast, the BPh 4 salt is brown and the CH2CH2 chains are staggered. There are also 
differences in the strength of Pd S interaction, summarised in Table 7.2, which 
shows that the eclipsed form of the PF 6 salt allows a stronger Pd S interaction. 
Complex Pd 	S distance (A) 
fPd([18]aneS 6)](PF6)2 3.015(3) 
IPd([l 8]aneS6)](BPh4)2 3.273(2) 
Table 7.2: Pd S Distances for the Complexes [Pd([l 8]aneS 6)](PF6), and 
[Pd([ 18] aneS 6)J(BPh4)2 
A similar counterion effect is seen with the PF 6 and Cl- complexes of 
[Pd([9]aneN1 S),] 2 . 123"70 The S-donors of the PF 6 complex interact with the metal 
centre, whereas the S-donors of the Cl - salt are pointed away from the metal centre. 
This is summarised in Table 7.3, showing that the counterion does have an effect on 
the geometry of the macrocycic complex. 
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Complex Pd 	S distance (A) 
[Pd([9]aneN2S)2](PF6)2 3.034(1) 
[Pd([9]aneN2S)2JC12 3.836(1) 
Table 7.3: Pd S Apical Distances for the Complexes {Pd([9]aneN 2S)2](PF6)2 and 
[Pd([9]aneN2S)2]Cl2 
The complexes [Pd([9]aneS3)2] 2 and  [Pd([l8]aneS6)]2  have the same donor 
sets, but different ring sizes and therefore different flexibilities. Comparison of the 
9- and 18-membered rings in Table 7.4 shows that the Pd S interaction is stronger 
for the more flexible 9-membered ring system. 
Ligand Pd 	S distance (A) 
[9]aneS 3  2.952(4) 
[10]aneS3 3.11(1), 3.034(1) 
[18]aneS6 3.015(2) 
Table 7.4: Pd S Apical Distances for the Pd" Complexes of the Ligands 
[9]aneS3, [10]aneS 3 and [18]aneS 6 
It was intended to extend this work by studying the Pd" complex of [10]aneS 3 , 
but during the course of this work the structure of [Pd([10]aneS 3)2]' was 
published."' Two different isomers of the complex {Pd([10]aneS3)2](PF6)2  have been 
reported. Although both are trans isomers, they may be viewed as positional linkage 
isomers owing to the coordination of specific S-donors within the ring. The structure 
published by Grant et al shows a CH2CH2 linkage connecting the two S-donors from 
the same macrocycle, shown in Figure 7. 1, whereas the structure published by 
McAuley shows the S-donors to be connected via the CH2CH2CH2 linkage, shown 
in Figure 7.2. There are also differences in the strength of the Pd S interaction, 
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with the CH2CHI bridged complex having a Pd S distance of 3.11(1) A and the 
CHICHICH2 bridged one a distance of 3.034(1) A. The contrasting species were 
derived from different solvent systems and crystallise in different space groups. 
These results indicate that there are two different conformations of the complex 
[Pd([10]aneS3) 2]21  which are very close in energy. 
Figure 7.1: Crystal Structure of {Pd([10]aneS3)212 - CHICH 2 Bridged 
Figure 7.2: Crystal Structure of {Pd([10]aneS3),12 - CHICHICH I Bridged 
Comparisons can be made between the complexes of the ligands [9]aneS 3 and 
[10]aneS 3 . The ligand [lO]aneS 3  has a greater flexibility than [9]aneS 3 , due to the 
presence of the CH 2 CH2 CH2  linkage. Thus, comparing the values of the Pd S 
distances given in Table 7.4, the effect of flexibility on the strength of interaction 
can be assessed. 
Surprisingly, the most flexible [10]aneS 3  ligand has the weakest Pd S 
interaction. This is possibly due to the CHICHICH linkage having to be 
accommodated, as opposed to solely CH 2 C}-L linkages. This is more pronounced 
when the CH2CH2CHI bridge does not lie in the equatorial plane. This may be 
caused by the unsymmetrical bonding of the ligand. 
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Less is known about the Pt" complexes of the macrocyclic ligands as fewer 
single crystal structural determinations have been made. So, the effects of different 
donor sets, ligand flexibility and counterion have not been as thoroughly 
investigated. The aim of the work reported in this Chapter was to increase our 
knowledge of the effects of different donor sets, ligand flexibility and counterion on 
the geometries of Pd' and especially Pt' complexes of thioether macrocycles. In 
order to achieve this, a study was made of [Pt([10]aneS 3) 2]2 , both as the PF6 salt 
and as the BF, - salt, to assess firstly if the unusual [4+1] geometry seen in 
[Pt([9]aneS 3)2]2 is retained in the Pt" complex of the more flexible [10]aneS3  ligand, 
and secondly , to assess the effect of changing the counterion. The single crystal 
structure of the complex [Pt([9]aneS3)2](BPh4)2  was also determined to assess the 
effect of changing the counterion of the [Pt([9]aneS3)2]2  cation. Finally, the 
counterion effect was assessed for the cation [Pd([9]aneNS2)2] 2 . 
7.2 Results and Discussion 
7.2.1 [Pt([10]aneS 3) 2](PF6) 2 
Reaction of two molar equivalents of [10]aneS 3 with K1PtCI 4 in a solvent 
mixture of H 90, MeOH and CH3CN yielded a yellow solution.. Addition of excess 
NH4PF6 and removal of the solvent allowed isolation of the orange coloured product 
in high yield, which was purified by recrystallisation from CH 3NOI - Et20. The FAB 
mass spectrum of this product showed molecular ions at M = 873, 727 and 583 
assigned to [Pt([ 1O]aneS 3) 2] (PF6)2, { [Pt([ 1O]aneS 3) 2] (PF6)} + and [Pt([ 1 O]aneS 3) 2 -H] + 
respectively. The assignment of this product as [Pt([10]aneS 3) 2](PF5) 1 was supported 
by elemental analysis and JR spectroscopy. This was confirmed by 1 H and ' 3 C nmr 
spectroscopy. The 1 H nmr spectrum of the product shows a complex multiplet at 6 
= 3.47 - 3.87 ppm, corresponding to the twelve protons of the methyl groups next 
to the thioethers of the macrocyclic ring, with another complex multiplet at 6 = 
2.22 - 2.60 ppm, corresponding to the two methyl protons in the centre of the 
CH2CH2CH2 linkage. The ' 3C nmr spectrum shows resonances at 6 = 35.60 and 
34.90 ppm, assigned to the methyl groups of the CHICH, bridges, with other 
resonances at 31.36 ppm (CH 2S of CH2CH2CHI bridge) and 25.84 ppm, assigned to 
the central methyl group of the CH 2CH2CH, bridge. 
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7.2.2 Structural Determination of [Pt([ 1O]aneS3)2]  (PF6)2 
In order to determine if the unusual [4+1] geometry of [Pt([9]aneS3)2](PF6)2 
is preserved if the size and the flexibility of the macrocyclic ligand is increased by 
one methyl unit, a single crystal X-ray structural determination was undertaken on 
[Pt([10]aneS 3)2](PF6)2 . The details of the structural solution are given in Section 
7.4.2. Selected bond lengths, angles and torsions are given in Tables 7.5 - 7.8, and 
a diagram of the cation is shown in Figure 7.3. The crystal structure of 
{Pt([10]aneS3)2](PF6)2 shows primary S 4 coordination in a square planar arrangement, 
Pt - S = 2.297(4), 2.309(4) A, with long range apical interactions to both the 
remaining thioether donors, Pt S = 3.233(4) A. This [4+2] coordination at Pt' 
contrasts with the [4+ 1] coordination observed in [Pt([9]aneS3)2]2,  reflecting the 
greater flexibility of the 10-membered ring conferring a less strained geometry on 
the Pt' centre. The effect of the flexibility of the ligand on the Pt S interaction can 
be assessed by comparing the Pt S distances of the Pt' complexes of [9]aneS 3 , 
[10]aneS 3 and [18]aneS 5 . These values are given in Table 7.9. 
Pt - 5(1) 3.233( 4)  - S(5) 1.813(15) 
Pt - S(5) 2.297( 4) 5(5) - C(6) 1.804(16) 
Pt - S(7) 2.309( 4)  - C(7) 1.548(21) 
S(1) - C(2) 1.811(17) - S(8) 1.519(15) 
5(1) - C(10) 1.807(16) S(8) - C(9) 1.824(15) 
 - C(3) 1.563(22) C(9) - C(10) 1.562(21) 
 - C(4) 1.510(21) 
Table 7.5: Selected Bond Lengths (A) with standard deviations of 
[Pt([ 10]aneS3)2]  (PF6)2 
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S(1) - Pt - S(5) 94.2( 1) Pt - S(5) - C(6) 102.0( 5) 
S(1) - Pt - S(8) 80.3( 1) C(4) - S(5) - C(6) 101.2(7) 
S(5) - Pt - S(8) 88.9( 1) S(5) - C(6) - C(7) 113.3(11) 
Pt - S(1) - C(2) 100.4( 5)  - C(7) - S(8) 111.2(10) 
Pt - S(1) - C(10) 89.4( 5) Pt - S(8) - C(9) 105.5( 5) 
C(2) - S(1) - C(10) 104.0( 7) Pt 	- S(8) - C(9) 108.0( 5) 
S(1) - C(2) - C(3) 117.0(11)  - S(8) - C(9) 103.8( 7) 
C(2) - C(3) - S(5) 113.6(12) S(8) - C(9) - C(10) -116.8(10) 
C(3) - C(4) - S(5) 114.6(10) S(1) - C(10) - C(9) 113.7(10) 
Pt - S(5) - C(4) 108.6( 5) 
Table 7.6: Selected Angles (°) with standard deviations of [Pt([10]aneS 3)2](PF6)2 
C(10) - S(1) - C(2) - C(3) -95.2(12) C(4) - S(5) -  - N(7) -67.6(12) 
C(2) - S(1) - C(10) - C(9) 141.4(11) S(5) - C(6) -  - S(8) -48.3(13) 
S(1) - C(2) - C(3) - C(4) 71.0(15) C(6) - C(7) - S(8) - C(9) 139.9(10) 
C(2) 	C(3) - C(4) - S(5) -113.5(12) C(7) - S(8) - C(9) - C(10) -58.6(12) 
C(3) - C(4) - S(5) - C(6) 156.7(11) S(8) - C(9) - C(10) - S(1) -70.5(13) 
Table 7.7: Selected Torsion Angles (°) with standard deviations of 
[Pt([ 10aneS 3)2] (PF6) 2 
Ligand Pt 	S distance (A) 
[9]aneS3 2.885(7) 
[10]aneS3 3.233(4) 
[ 1 8]aneS6 3.380(3) 
Table 7.8: The Pt S distances of the Pt' complexes of [9]aneS3,  [10]aneS 3 and 
[1 8]aneS 6 
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From the results given in Table 7.9, it can be seen that the flexibility of the 
ligand does affect the Pt S interaction strength. The Pt S distance in 
[Pt([10]aneS 3)2] 2 is longer than in the corresponding [9]aneS3  complex, indicating 
that the sole Pt S interaction in [Pt([9]aneS3)2]2  is much stronger than the two 
interactions in [Pt([10]aneS 3)2
]2
. The Pt S interactions in [Pt([18]aneS6)]2  are 
longer than either of the smaller rings. 
7.2.3 Electrochemical Study of [Pt([10]aneS 3)2](PF6)2 
The cyclic voltammogram of the complex [Pt([10]aneS 3)1](PF6), in 
CH3CN/°Bu 4NPF6 at 298 K exhibits a broad quasi-reversible oxidation centred at E 
= +0.35 V vs. Fc/Fc, assigned to a Pt'-Pt' couple, shown in Figure 7.4. The 
large peak-to-peak separation of 300 mV suggests a significant change in 
coordination geometry at the platinum centre during the redox process. 
Current 
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Coulometry confirms this oxidation to be an overall two-electron process. 
Quantitative electrochemical oxidation of [Pt({10aneS 3)2]2  in CH3CN at a Pt gauze 
at a potential of +1.1 V vs. Fc/Fc affords an initial bright yellow colour (assigned 
to the presence of [Pt([10]aneS3)2]3) which fades to a pale yellow solution of 
[Pt([ 1 0]aneS3)2]4 . A weak esr spectrum for the intermediate can be obtained (see 
Figure 7.5) and this shows an anisotropic signal at 77 K (as a frozen glass) with g 1 
= 2.062 and g11 = 1.989. No hyperfine coupling was observed. The oxidation of 
[Pt([10]aneS 3)2]2  to [Pt([ 10]aneS3)2 4  can be monitored using electronic 
spectroelectrochemistry, shown in Figure 7.6. Thus, in situ electrooxidation of 
[Pt([10]aneS 3)2J 2  [X = 245 (12000) and 276 nm (e = 8700 dm3mol'cm')] at 
243 K in an optically transparent electrode cell proceeds isosbestically (X 10 = 230 
and 250 nm) and quantitatively to afford [Pt([10]aneS 3)2]4  [A, = 299 (31000) and 
342 nm (sh) (C max = 9500 dm3mol 1 cm 1)]. The N intermediate can be detected via 
a low intensity absorption band at 405 nm which forms and decays during the course 
of the electrooxidation. This contrasts with the spectrum of [Pt([9]aneS3)2]2  which, 
despite showing an overall two-electron oxidation, affords a relatively stable Pt 
intermediate. Reduction of [Pt([10]aneS3)2]4  at +0.1 V vs. Fc/Fc affords a product 
assigned as a new Pt' species [X = 342 nm (e = 4000 dm 3 mol 1 cm 1)], shown 
in Figure 7.7. Interestingly, reoxidation of this species to the Pt' product occurs 
reversibly and isosbestically. 
7.2.4 [Pt([ 1 0]aneS3)2](BF4)2 
Reaction of K 9PtC14 with two equivalents of [10]aneS 3 in a solvent mixture 
of H20, MeOH and CH 3CN yielded a bright yellow solution. Addition of excess 
NaBF4 followed by Et20 allowed the yellow coloured product to be isolated in high 
yield. The product was recrystallised from CH 3 NO2 - Et20 and the FAB mass 
spectrum of the product showed a molecular ions at M' 584, which was assigned 
to [Pt([10]aneS 3)2 +H]. This data, combined with elemental analysis and IR 
spectroscopy confirmed the product to be [Pt([10]aneS 3) 2](BF4)2 . 
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7.2.5 Structural Determination of [Pt([ 1O]aneS 3) 2] (BF4)2 
The single crystal X-ray structure of [Pt([10]aneS3)21(BF4)2  was determined 
for comparison with its PF6 analogue. This would allow an assessment of the 
counterion effect as discussed in Section 7.1. The details of the structure solution are 
given in Section 7.4.4. Selected bond lengths, angles and torsions are given in 
Tables 7.9 -7.11, and a diagram of the cation is given in Figure 7.8. The crystal 
structure of [Pt([10]aneS 3)2](BF4)2 is very similar to its PF 6 analogue, with the Pt" 
centre coordinated to two S-donors from each of the ligands to form a square planar 
arrangement, Pt - S = 2.293(7), 2.296(6) A, with the remaining two S-donors 
interacting at apical positions, Pt S = 3.226 A. The structure of the cation in the 
complex [Pt([10]aneS3)2](BF4)2  is not significantly different from the cation of the 
complex [Pt([10]aneS 3)2](PF6)2 , showing that the change of counterion from PF 6 to 
BF,- has had no effect on the cation [Pt([10]aneS 3)2]2 . This suggests that the 
observed stereochemistry is determined by the macrocyclic ligand. 
Pt 	- 5(1) 3.226( 7) S(7) - C(8) 1.80( 3) 
Pt - S(4) 2.296( 6) - C(9) 1.55( 4) 
Pt - S(7) 2.293(7) -  1.52(4) 
Pt 	- S(1') 3.181( 7) S(1') - C(2') 1.78( 3) 
Pt 	- S(4') 2.299( 7) S(1') - C(10') 1.85( 3) 
Pt 	- S(7') 2.295( 7)  - C(3') 1.6294) 
5(1) - C(2) 1.84(2)  - S(4') 1.86( 3) 
S(1) - C(10) 1.85( 3) S(4') - C(5') 1.84( 4) 
 - C(3) 1.49( 2) C(S') - C(6') 1.58( 4) 
 - S(4) 1.81( 2) C(6') - S(7') 1.78( 3) 
S(4) - C(S) 1.82( 3) 5(7') - C(8') 1.85( 2) 
C(5) - C(6) 1.44( 4) C(8') - C(9') 1.55( 4) 
C(6) - S(7) 1.88(3) C(9') - C(10') 1.58( 4) 
Table 7.9: Selected Bond Lengths (A) with standard deviations of 
[Pt([ 1 O]aneS 3)2] (B F4)2 
174 
Figure 7.8: Crystal Structure of {Pt([10]aneS 3) 2](BF4)2 
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S(1) - 	 Pt - S(4) 79.90(20) Pt - S(7) - C(8) 108.5( 9) 
S(1)- Pt -S(7) 94.64(21) C(6)-S(7)-C(8) 98.8(12). 
S(4) - 	 Pt 	- S(7) 89.32(23) S(7) - C(8) - C(9) 114.4(18) 
S(4) - 	 Pt 	-S(4') 179.30(23) C(8) - C(9) - C(lO) 114.4(21) 
S(4) - 	 Pt 	-S(7') 90.11(23) S(1) - C(10) - C(9) 115.2(18) 
S(7) - 	 Pt 	-S(4') 91 .00(23) C(2') - S(1') - C(10') 102.6(14) 
S(7) - 	 Pt 	-S(7') 179.28(24) S(1') - C(2') - C(3') 116.0(19) 
S(1') - 	 Pt -S(4') 80.54(20) -C(3') -S(4') 111.8(20) 
S(1') - 	 Pt -S(7') 94.83(20) Pt 	-S(4') -C(3') 110.9(10) 
S(4') - 	 Pt -S(7') 89.57(23) Pt 	-S(4') -C(5') 104.9(11) 
C(2) - S(1) - C(10) 104.2(11) -S(4') -C(5') 102.3(15) 
S(1) - C(2) - C(3) 113.8(16) S(4') -C(5') -C(6') 106.5(21) 
C(2) - C(3) - S(4) 122.0(17) C(5') -C(6') -S(7') 112.9(20) 
Pt 	- S(4) - C(3) 109.3( 8) Pt 	-S(7') -C(6') 99.0( 9) 
Pt - S(4) - C(5) 103.6( 9) Pt 	-S(7') -C(8') 109.2( 8) 
C(3) - S(4) - C(S) 101.3(11) C(6') -S(7') -C(8') 104.1(12) 
S(4) - C(S) - C(6) 117.2(20) S(7') -C(8') -C(9') 113.3(12) 
C(S) - C(6) - S(7) 111.0(19) C(8') - C(9') - C(10') 111.9(22) 
Pt - S(7) - C(6) 102.3( 9) S(1') - C(10') - C(9') 116.9(21) 
Table 7.10: Selected Bond Angles (°) with standard deviations of 
[Pt([ 10]aneS 3) 2] (BF4)2 
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C(10) S(1) - C(2) - C(3) 137.5.1(17) C(10') - S(1') - C(2') - C(3') 145.7(21) 
C(2) - S(1) - C(10) - C(9) -97.2(20) 	C(2') - S(lt) - C(10') - C(9t) 85.9(23) 
S(1) - C(2) - C(3) - S(4) -63.6(22) S(1') - C(2') - C(3') - S(4') 68.0(24) 
C(2) - C(3) - S(4) - C(5) -61.2(21) C(2') -C(3') -S(4') -C(5') 63.0(23) 
C(3) - S(4) - C(S) - C(6) 140.5(21) C(3') -S(4') -C(s') -C(6') -146.0(20) 
S(4) - C(5) - C(6) - S(7) -45.9(25) S(4') -C(5') -C(6') -S(7') 57.0(24) 
C(S) - C(6) - S(7) - C(8) -71.0(21) C(5') -C(6') -S(7') -C(8') 59.9(22) 
C(6) - S(7) - C(8) - C(9) 154.8(19) C(6') -S(7') -C(8') -C(9') -157.3(18) 
S(7) - C(8) - -  -115.4(21) S(7') - C(8') - C(9') - C(10') 112.2(22) 
C(8) - C(9) - C(10) - S(1) 72.8(25) C(8') - C(9') - C(10') - S(1') -69.3(28) 
Table 7.11: Selected Torsion Angles (°) with standard deviations of 
[Pt([ 1 0]aneS 3)2] (B F4) 2 
7.2.6 [Pt([9]aneS3)2]  (BPh4) 2 
Reaction of K2PtC14 with two equivalents of [9]aneS3  in a solvent mixture of 
H20 and MeOH yielded a pale yellow solution. Addition of excess NaBPh 4 followed 
by Et20 allowed the isolation of an orange-pink solid in high yield. After purification 
by recrystallisation from CH 3NO2 - Et20, the FAB mass spectrum of this product 
showed a molecular ion at M = 554, which was assigned to [Pt([9]aneS3)2 -H]'. 
The product was therefore formulated as [Pt([9]aneS 3)2](BPh4)2 , an assignment 
confirmed by elemental analysis and JR spectroscopy. 
7.2.6 Structural Determination of [Pt([9]aneS3)2]  (BPh4)2 
The unusual [4+1] stereochemistry of [Pt([9]aneS3)2](PF6)2  is in contrast to 
the [4+2] coordination found in both [Pt([10]aneS3)2](PF6)2  and 
[Pt([18]aneS 6)](PF6)2 . In order to confirm that this phenomenon is based on the 
differences in the ligand, and not on packing effects, a single crystal X-ray structural 
determination of [Pt([9]aneS 3)2](BPh4)2 was undertaken. The details of the structure 
solution and refinement are given in Section 7.4.6. Selected bond lengths, angles and 
torsions are given in Tables 7.12 - 7.14, and a diagram of the cation is given in 
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Figure 7.9: Crystal Structure of [Pt([9]aneS3)2](BPh4)2 
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coordination, Pt - S = 2.285(2), 2.299(2), 2.301(2) and 2.307(2) A, with a long 
range interaction to only one of the remaining S-donors, Pt S = 2.995(2). A. The 
sixth S-donor is non-interacting and is pointed away from the Pt" metal centre, 
Pt ..... S = 4.140(3) A. This [4+ 1] geometry is the same as that of the complex 
[Pt([9]aneS3)2](PF6)2, confirming that this [4+1] coordination is preferred by the 
[Pt([9]aneS 3)2] 2 cation. 
Pt 	- S(1) 2.995(2) - C(6) 1.532(14) 
Pt 	- S(4) 2.285(2) - S(7) 1.841(10) 
Pt 	- S(7) 2.299(2) S(7) - C(8) 1.817( 9) 
Pt 	- S(1') 4.140(3) C(8) - C(9) 1.531(13) 
Pt 	- S(4') 2.301(2) C(2') - C(3') 1.497(14) 
Pt 	-S(7') 2.307(2) C(3')-S(4') 1.811(9) 
S(1) - C(2) 1.825(10) S(4') - C(S') 1.814(14) 
S(1) - C(9) 1.817( 9) C(5') - C(6') 1.345(20) 
C(2) - C(3) 1.521(13) C(6') - S(7') 1.796(15) 
C(3) - S(4) 1.822( 9) S(7') - C(8') 1.811(12) 
S(4) - C(S) 1.790(10) C(8') - C(9') 1.523(15) 
Table 7.12: Selected Bond Lengths (A) with standard deviations of 
[Pt([9]aneS 3) 2](BPh4) 2 
S(1) - Pt - S(4) 84.85( 7)  - C(6) - S(7) 10.1( 6) 
S(1) - Pt - S(7) 81.00( 7) Pt - S(7) - C(6) 104.4( 3) 
S(4) - Pt - S(7) 89.58( 8) Pt 	- S(7) - C(8) 104.1(3) 
S(4) - Pt -S(4') 89.41( 8)  - S(7) - C(8) 101.2( 4) 
S(4) - Pt -S(7') 177.87( 8) S(7) - C(8) - C(9) 117.3( 6) 
S(7) - Pt -S(4') 178.64( 8) 5(1) - C(9) - C(8) 117.7( 6) 
S(7) - Pt -S(7') 91.85( 8) C(2') -C(3') -S(4') 120.3( 7) 
S(1') - Pt -S(4') 157.71( 6) Pt 	-S(4') -C(3') 110.2( 3) 
Table 7.13: Cont. Over 
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S(1') - 	 Pt -S(7') 68.83( 6) Pt 	-S(4') -C(5') 103.1( 4) 
S(4') - 	 Pt -S(T) 89.18( 8) C(3') -S(4') -C(S') 103.1( 5) 
C(2) - S(1) - C(9) 104.6( 4) S(4') -C(S') -C(6') 119.6(11) 
S(1) - C(2) - C(3) 116.4( 7) C(5') -C(6') -S(7') 121.1(11) 
C(2) - C(3) - S(4) 120.6( 7) Pt 	-S(7') -C(6') 101.4( 5) 
Pt - S(4) - C(3) 103.2( 3) Pt 	-S(7') -C(8') 112.2(4) 
Pt - S(4) - C(S) 103.8( 3) C(6') -S(7') -C(8') 103.2( 6) 
C(3) - S(4) - C(5) 106.7( 4) S(7') -C(8') -C(9') 118.0(-8) 
S(4) - C(S) - C(6) 115.7( 7) 
Table 7.13: Selected Bond Angles (°) with standard deviations of 
[Pt([9]aneS 3)2
] (
B Ph4) 2 
C(9) - S(1) - C(2) - C(3) -121.9( 7) C(6) - S(7) - - C(9) -49.1( 8) 
C(2) - S(1) - C(9) - C(8) 108.5( 7) S(7) - C(8) - - S(1) -49.3( 9) 
S(1) - C(2) - C(3) - S(4) 57.0( 9) C(2') -C(3') -S(4') -C(5') 82.3( 9) 
C(2) - C(3) - S(4) - C(S) 57.2( 8) C(3') -S(4') -C(5') -C(6') -122.2(12) 
C(3) - S(4) - C(S) - C(6) -74.1( 8) S(4') -C(5') -C(6') -S(7') 24.4(17) 
S(4) - C(5) - C(6) - S(7) -46.9( 8) C(5') -C(6') -S(7') -C(8') 89.3(13) 
C(5) - C(6) - S(7) - C(8) 142.2( 7) C(6') -S(7') -C(8') -C(9') -93.9( 9) 
Table 7.14: Selected Torsion Angles (°) with standard deviations of 
[Pt([9]aneS 3) 2] (BPh4)9 
7.2.7 [Pd([9] aneNS 2) 2] (PF6)2 
Reaction of PdCl 2 with two equivalents of [9]aneNS1 in a solvent mixture of 
H20, MeOH and CH3CN yielded a brown solution. Addition of excess NH 4PF6 and 
removal of solvent allowed the isolation of a brown solid, which was purified by 
recrystallisation from CH 3NO2 - Et20. The FAB mass spectrum of this product 
showed molecular ions at M = 433 and 576 assigned to [Pd([9]aneNS 2)2 +H] and 
{[Pd([9]aneNS 2)2](PF6)}t This data, combined with elemental analysis and JR 
spectroscopy, confirmed the product to be [Pd([9]aneNS2)2](PF6)2. 
DO 
7.2.8 Structural Determination of [Pd([9]aneNS 2)2} (PF6)2 
In order to assess the effect of changing the counterion on the Pd" S 
interaction in the N 2S2 ligated complex [Pd([9]aneNS2)2](BF4)2,  a single crystal X-ray 
structural determination was undertaken. The details of the structure solution is given 
in Section 7.4.8. Selected bond lengths, angles and torsions are given in Tables 7.16 
- 7.19, and a diagram of the cation is given in Figure 7.10. The crystal structure of 
[Pd([9]aneNS2)2](PF6)2 is very similar to that of {Pd([9]aneNS2)2}(13F4)2  as it shows 
N2S2 coordination at the Pd' metal centre, Pd - N = 2.075(l 1), Pd - S 2.336(3) 
A. The Pd" metal centre interacts with the two remaining S-donors at the apical sites, 
Pd S = 2.968(3) A. Thus, changing the counterion of the cation [Pd([9]aneNS 2)2] 2 
has had no effect on the strength of the Pd S interaction. 
Pd - 5(1) 2.336( 3) C(3) - S(4) 1.796(14) 
Pd - S(4) 2.968( 3) S(4) - C(5) 1.812(15) 
Pd - N(7) 2.075(11) C(S) - C(6) 1.534(20) 
5(1) - C(2) 1.810(14) C(6) - N(7) 1.502(18) 
5(1) - C(9) 1.812(14) N(7) - C(8) 1.527(17) 
C(2) - C(3) 1.546(19) C(8) - C(9) 1.543(19) 
Table 7.16: Selected Bond Lengths (A) with standard deviations of 
[Pd([9]aneNS 2) 2] (PF6)2 
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S(1) - Pd - S(4) 82.29(10) C(3) - S(4) - C(S) 103.1( 6) 
S(1) - Pd - N(7) 85.1( 3) S(4) - C(S) - C(6) 117.6(10) 
S(4) - Pd - N(7) 81.6( 3)  - C(6) - N(7) 115.1(11) 
Pd - S(1) - C(2) 106.4(5) Pd - N(7) - C(6) 118.5( 8) 
Pd - S(1) - C(9) 99.2( 4) Pd - N(7) - C(8) 107.5( 8) 
C(2) - S(1) - C(9) 103.7( 6)  - N(7) - C(8) 110.9(10) 
S(1) - C(2) - C(3) 119.4(10) N(7) - C(8) - C(9) 108.8(10) 
C(2) - C(3) - S(4) 112.5( 9) S(1) - C(9) - C(8) 111.2(-9) 
Table 7.16: Selected Bond Angles (°) with standard deviations of 
[Pd([9]aneNS 2) 2] (PF6)2 
C(9) - S(1) -  - C(3) -58.0(12) S(4) - C(S) - C(6) - N(7) -60.2(14) 
C(2) - S(1) - C(9) - C(8) 125.7(10) C(S) - C(6) - N(7) - C(8) 148.8(11) 
S(1) - C(2) -  - S(4) -60.6(13) C(6) - N(7) - C(8) - C(9) -71.9(13) 
 - C(3) - S(4) - C(S) 118.7(10) N(7) - C(8) - C(9) - S(1) -48.5(12) 
 - S(4) - C(S) - C(6) -45.1(12) 
Table 7.17: Selected Torsion Angles (°) with standard deviations for 
[Pd([9]aneNS 2) 2] (PF6) 2 
7.3 Conclusions 
For the three systems studied in this Chapter, [Pt([9]aneS 3)2J 2 , 
[Pt([10]aneS 3)2]2 and [Pd([9]aneNS2) 21 2 , changing the counterion appears to have 
no effect on the strength of the M S interaction. This contrasts with the cation 
[Pd([ 18]aneS6)2] 2 , which does show a dependence on counterion, with the PF 6 and 
BPh4 systems showing different stereochemistries. 
The effect of changing the size of the macrocyclic ring can be seen by 
comparing the contrasting coordination geometries of the complexes [Pt([ 9]aneS3)2] 2 
and [Pt([10]aneS 3) 2]2 . The complex of [9]aneS 3 has a [4+1] geometry, whereas the 
[ 1 0]aneS3 complex has a [4+2] coordination mode. This reflects the increased size 
and flexibility of the [10]aneS 3 macrocycle conferring a less strained geometry at the 
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Pt' metal centre. 
7.4 Experimental Procedure 
7.4.1 Synthesis and Characterisation of [Pt([10]aneS 3)2](PF6)2 
To a 1: 1:1 mixture (30 cm3) of H20, MeOH and CH 3CN was added K,PtCI 4 
(0.0334 g, 8.0 X 10 mol) and [10]aneS 3 (0.0292 g, 1.5 x 10 mol). The mixture 
was refluxed for 3 hours under N 2 , resulting in a bright yellow solution. Excess 
NH4PF6 was added and the solvent removed, yielding an orange solid which was 
recrystallised from CH 3 NO2 - Et20 and dried in vacuo. Yield = 72%. Elemental 
Analysis: found %C = 18.9, %H = 3.20; calculated for [Pt([10]aneS 3)1}(PF6) 2  %C 
= 19.2, %H = 3.20. FAB mass spectrum in 3-nitrobenzyl alcohol: found M = 
873, 727 and 583; calculated for 
[Pt([10]aneS 3)2](PF6)2 	 873 
[Pt([10]aneS 3)21 (PF6) + 	 728 
[Pt([10]aneS 3)2-H] + 	 583 
nmr spectrum ((CD 3)2CO 3  298 K) 6 = 3.47 - 3.87 (m, 12H, CH,) and 2.22 - 
2.60 (m, 211, CH2CII2CH2), ' 3C nmr spectrum ((CD 3) 2CO, 298 K) 8 = 35.60, 
34.90 (SCH2 CH2S), 31.36 (ScH2CHcH1S) and 25.84 (SCHHICHIS). JR 
spectrum (KBr disk): 3640, 3420, 2920, 2565, 1445, 1405, 1270, 825(s), 555(s) 
cm-'. Electronic spectrum in CH 3CN: A. = 245 (12 000), 276 nm (c = 8 700 
dm3mol'cnr 1 ). 
7.4.2 Single Crystal Structure of [Pt([10]aneS 3)2 (PF6)2 
Crystals of [Pt([10]aneS 3)2](PF6)9  were grown by diffusion of EtO vapour 
into a solution of the complex in CH 3 NO2 . A yellow tablet (0.23 x 0.19 x 0.06 
mm 3)  suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
d iffractometer. 
Crystal data: C 14H28S6Pt2 2PF6 . 7/4CH3 NO,, M = 981.8, monoclinic, space group 
C2/c, a = 23.3770(19), b = 12.0450(12), c = 11.2155(15) A, = 94.346(3), U 
= 3148.6 A3 (from 28 values of 57 reflections measured at ±co, 5 < 28 < 45', 
= 0.71073 A), Dr = 2.071 g cm 3 , Z = 2, = 5.05 mm', F(000) = 1924. 
Data collection and processing: 	Graph ite-monochromated MOKa X-radiation, 
T = 298 K, a -20 scans with o scan width (0.99 + 0.347tan0)°, 1887 unique data 
measured (5 :~ 20:5 45°), h -25 -* 25, k 0 -> 12, 10 -> 12, giving 1467 with F~ 
4c(P) for use in all calculations. 
Structural Analysis and Refinement: Patterson synthesis located the Pt atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. At isotropic convergence, corrections (mm. 0. 894, max. 
1.192) for absorption were applied using DIFABS. 135 Refinement (by least squares 
on fl 136  with anisotropic thermal parameters for all non-H atoms, except the partially 
occupied solvent and the central C atom of the propylene bridge, and with H-atoms 
in fixed calculated positions converged at R, R' = 0.0506, 0.0598, S = 1.150 for 
187 parameters, and the final AF synthesis showed no feature above 2.19 ek. The 
weighting scheme w 1 = al(F) + 0. 000292F' gave satisfactory agreement analyses 
and in the final cycle (L/a)m  was 0.013. 
7.4.3 Synthesis and Characterisation of [Pt([ 1 0]aneS3)2](BF4)2 
To a 2:1:1 mixture (40 cm 3) of H20, MeOH and CH 3CN was added K 2PtCI4 
(0.0332 g, 8.0 x 10 moles) and [10]aneS 3 (0.0297 g, 1.5 x 10 moles). The 
mixture was refluxed for 3 hours under N 2 , resulting in a bright yellow solution. 
Excess NaBF4 was added, and a yellow precipitate formed on the addition of Et 20. 
The isolated solid was recrystallised from CH 3NO2 - Et20 and dried in vacuo. Yield 
= 69%. Elemental Analysis: found %C = 18.8, %H = 3.26; calculated for 
[Pt([10]aneS 3)2](BF4)2 %C = 19.0 1  %H = 3.20. FAB mass spectrum in 
3-nitrobenzyl alcohol: found M = 584; calculated for [Pd([10]aneS 3)2 +H], 584. 
JR spectrum (KBr disk): 3125, 3000, 2970, 1420, 1300, 850, 560 cm'. 
7.4.4 Single Crystal Structure of [Pt([10]aneS3)2](BF4)2 
Crystals of [Pt([10]aneS3)21(BF4)2  were grown by diffusion of Et 20 vapour 
into a solution of the complex in CH3NO2 . A dark orange lath (0.62 x 0.35 x 0.19 
mm  3)  suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
diffractometer and cooled using an Oxford Cryosystems Low Temperature Device.' 
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Crystal data: [C 14H28S 6Pt] 2 2BF4 , M = 757.35, orthorhombic, space group 
F2 1 2 12 1 , (after refining the model in both enantiomers, the one chosen gave the 
lower R values), a = 10.795(2), b = 11.7361(14), c = 18.932(3) A, U = 2398 A3 
(from 29 values of 56 reflections measured at ±0, 28:5 28 :!~ 32, X = 0.71073A), 
D = 2.097 gcm 3 , Z = 4, u = 6.476 mm', F(000) = 1472. 
Data collection and processing: Graph ite-monochromated Mo-K a X-radiation, T = 
150.0(1) K, 0)-28 scans with 0) scan width (0.99 + 0.347tan8)°, 1829 unique data 
measured (5:528:545°), hO —* 11, kO —* 12, 10—>20, giving 1366 with F ~!4c(F) 
for use in all calculations. 
Structure solution and refinement: A Patterson synthesis located the Pt atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. At isotropic convergence, corrections (mm. 0.854, max. 
1.235) for absorption were applied using DIFABS. 135 Refinement (by least squares 
on F)'36  with anisotropic thermal parameters for the Pt, all S and all F atoms, and 
with H-atoms in fixed calculated positions, converged at R, R' = 0.0538, 0.0815, 
S = 1.273 for 199 parameters, and the final LiP' synthesis showed no feature above 
3.17 eA. The weighting scheme w' = &(F) + 0.000878P gave satisfactory 
agreement analyses and in the final cycle (Li/o). was 0.21. 
7.4.5 Synthesis and Characterisation of [Pt([9]aneS 3) 21 (BPh 4), 
To a 2:1 mixture (30 cm') of H 20 and EtOH was added K,PtC1 4 (0.036 g, 
8.7 x iO moles) and [9]aneS3 (0.027 g, 1.5 x 10 moles).. The mixture was 
refluxed for two hours under N 2 , resulting in a pale yellow solution. Excess NaBPh 4 
was added, and an orange-pink precipitate formed on addition of Et-,O. The isolated 
solid was recrystallised from CH3NO2 - Et,O and dried in vacuo. Yield = 73%. 
Elemental Analysis: found %C = 57.3, %H = 5.13; calculated for 
[Pt([9]aneS 3)2](BPh4) 2 %C = 60.35, %H = 5.40. FAIB mass spectrum in CH 3 CN/ 
3-NOBA matrix: found M' 554, calculated for [Pt([9]aneS3)2]2, MI = 555. JR 
spectrum (KBr disk): 3050, 3000, 2930, 1580, 1475, 1430, 1170, 875, 740, 720 and 
600 cm'. 
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7.4.6 Single Crystal Structure of [Pt([9]aneS 3) 2](BPh4)2 
Crystals of [Pt([9]aneS3)21(BPh4)2 were grown by diffusion of Et 20 vapour 
into a solution of the complex in CH 3NO2 . A orange column (0.19 x 0.19 x 0.58 
mm  3)  suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
diffractometer and cooled using an Oxford Cryosystems Low Temperature Device.' 
Crystal data: [C,2HS6Pt] 2 2CH20B- .2CH3 NO2 , M = 1408.3, triclinic, space 
group P, a = 11.413(5), b = 13.593(5), c = 20.659(8) A, a = 99.14(2), 0 
99.44(3), y = 109.03(2) 0 , U = 2910 A (from 20 values of 21 reflections measured 
at ±co, 30 :~ 20 :5 32, X = 0.71073A), De 	1.502 gcm 3 , Z = 2, 	= 2.689 
mm', F(000) = 1344. 
Data collection and processing: Graph ite-monochromated Mo-Ka X-radiation, T = 
150.0(1) K, co-20 scans using on-line profile fitting,' 72 7636 data measured (5:5 20 
:!~ 45°), h -12 - 12, k-14 -3 14, 10 -+ 22, giving 6523 with F~: 4o(F) for use in all 
calculations. 
Structure solution and refinement: A Patterson synthesis located the Pt atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. Refinement (by least squares on F)'36 with anisotropic 
thermal parameters for all non-H atoms except solvent molecules, and with the 
phenyl rings, solvent methyl groups and the H-atoms all in calculated positions, 
converged at R, R' = 0. 0489, 0.0622, S = 1.086 for 575 parameters, and the final 
AF synthesis showed no feature above 2.76 ek. The weighting scheme w' = 
+ 0.0003F2  gave satisfactory agreement analyses and in the final cycle (A/).a , was 
0.24. 
7.4.7 Synthesis and Characterisation of [Pd([9]aneNS 2),](PF 5)2  
To a 1:1:1 mixture (30 cm 3) of H2 0, MeOH and CH 3 CN was added PdCl, 
(0.022 g, 1.24 X 10 moles) and [9]aneNS, (0.040 g, 2.4 x 10' moles). The 
mixture was refluxed for 4 hours under N 2 , resulting in a brown coloured solution. 
Excess NH4PF6  was added and the solvent removed, resulting in a brown solid. This 
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was collected, recrystallised from CH 3NO2 - Et20 and dried in vacuo. Yield = 72 
%. Elemental Analysis: found %C = 20.11, %H = 3.90, %N = 4.38; calculated 
for [Pd([9]aneNS2)2](PF6)2  %C = 19.94, %H = 3.62, %N = 3.87. FAB mass 
spectrum in 3-nitrobenzyl alcohol: found M 233 and 576; calculated for 
[Pd([9]aneNS 2)2 + H] + 	 433 
{{Pd([9]aneNS2)2](PF6)} + 	 576 
IR Spectrum (KBr disk): 3350, 3090, 1445, 830, 560 cm - '. 
7.4.8 Single Crystal Structure of [Pd([9]aneNS 2)21 (PF 6) 2 
Crystals of [Pd([9]aneNS2)2](PF6)2 were grown by diffusion of Et 20 vapour 
into a solution of the complex in CH 3NO2 . A lilac-brown tablet (0.19 x 0.19 x 
0.08 mm3) suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle 
diffractometer and cooled using an Oxford Cryosystems Low Temperature Device. 1 
Crystal data: [C 12H26N2S4Pd2 ] 2PF6 .2CH3NO2 , M = 845.02, triclinic, space group 
P1, a = 7.745(12), b = 9.991(16), c = 11.382(18) A, a = 100.11(13), 3 = 
108.47(12), y = 111.68(12) 0 , U = 732 A3 (from setting angles for 9 reflections 
with 28:5 20 :!!~ 30°, ?s = 0.71073 A), D = 1.942 gcm 3 , Z = 1, 1A = 1.062 mm', 
F(000) = 424. 
Data collection and processing: Graphite-monochromated Mo-Ku X-radiation, T = 
150.0(1) K, o-20 scans with co scan width (1.50 + 0.347tan0)°, 1915 unique data 
measured (5:5 20:5 45 0), h -8 -+7, k -10 -+ 10, 10 -> 12, giving with F~: 4c(F) for 
use in all calculations. 
Structure analysis and refinement: A Patterson synthesis located the Pd atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. Refinement (by least squares on F) 135 with anisotropic 
thermal parameters for all non-H atoms and with H-atoms in fixed calculated 
positions converged at R, K = 0.0622, 0.08 16, S = 1.131 for 1326 parameters, and 
the final AF synthesis showed no feature above 1.40 eA. The weighting scheme w 
= y2(J) + 0.000587F gave satisfactory agreement analyses and in the final cycle 
(A/a) max was 0.20. 
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Chapter 8 
EXAFS and "'Pt nmr Studies of Platinum(II) 
Thioether Macrocyclic Complexes 
8.1 Introduction 
Previous studies of platinum metal complexes of thioether macrocycles have 
concentrated on single crystal X-ray diffraction to supply structural information.3a  A 
lot of valuable information has been obtained from these studies. For example, the 
structures of [Pt([9]aneS3)2]2 ,h13  [Pt([9]aneNS2)2]2,173 [Pd(Me[9]aneNS)2J2 + 174 and 
[Pd([18]aneS6)]2 118 allshow unusual geometries around the metal centres; the metal 
centres are coordinated to four donors in a square planar arrangement, with apical 
interactions to one or both of the remaining donor atoms. These stereohemistries 
are unexpected for d 8 metal ion centres, which prefer simple square planar 
coordination. 138 These unusual structures occur as a compromise between the 
tendency of the metal ion centres to from four-coordinate geometries and the 
preference of the ligands to form five- or six-coordinate complexes. 
Very little structural information has been obtained on Pt - thioether 
macrocyclic complexes in solution. The 'H and ' 3C nnir spectra have been reported 
for most complexes but generally as an analytical tool, confirming the assignment 
ID 
of the product. 'H and ' 3C nmr spectroscopy has also been used to compare 
complexes, to confirm that two complexes have similar structures. 122b 
Due to the unusual nature of the apical interactions, these structures may 
prove to be an artifact of the crystal structures. The stacking of the cation, anion and 
solvent fragments may cause the uncoordinated donor atoms to interact apically with 
the metal centre in the solid state. If this is the case, these apical interactions may 
not be seen in solution as the molecule can move more freely. The five- and six-
coordinate structures seen in the crystal structures may be retained in solution, if this 
is a minimum energy conformation, although. solvation effects may influence this 
greatly. 
Complexes of Pt" with tetradentate ligands also show unusual 
stereochemistries. The complexes [Pt([ 1 2]aneS 4)]2 and [Pt([ 1 4]aneS 4)]2 have been 
reported previously ," 6" 17 and show that the metal centre sits above the plane of the 
ligand S-donors. There are up to five possible conformations for a square planar or 
tetragonal complex of a tetradentate macrocycle, depending on the orientation of the 
chelate rings. 117 These are given in Figure 8. 1, with - and + referring to the 
orientation of the S-atom lone pairs above and below the plane. 
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Figure 8. 1: Possible Conformations of Square Planar Complexes 
The structure of [Pt([12]aneS 4
)]2 
 shows that the cavity inside the 
macrocyclic ring of [12]aneS 4 is too small for the Pt' metal centre, causing the metal 
centre to sit above the S 4 plane. This causes the ligand to adopt a stereochemistry 
with all the ligand atoms on the opposite side of the S 4 plane from the metal centre, 
shown in Figure 8.2. The ligand in the complex [Pt([12]aneS 4)] 2 adopts a 
cccc-conformation, with all the lone pairs of the S-donors pointing in the same 
direction, up towards the metal centre. The cavity size of the ligand [14]aneS 4 is 
large enough to accommodate the .  Pt' metal centre, and the structure of 
{Pt([14]aneS 4)]2 shows the Pt' to sit in the S 4 plane. In common with the ligand 
[12aneS4 , the ligand [14]aneS 4 also adopts a cccc-conformation, with all the ligand 
atoms on one side of the S 4 plane (Figure 8.3). 
Figure 8.2: Crystal Structure of [Pt([12]aneS 4)}2 
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Figure 8.3: Crystal Structure of [Pt([14aneS 4) 2 
By studying the solution chemistry of the Pt' macrocyclic complexes, the 
identification of the different isomers may become possible. 
In collaboration with Dr Gill Reid of Southampton University, the techniques 
of IEXAFS and 195Pt nmr spectroscopy were used to study the structures of the 
platinum complexes of thioether macrocycles in solution. 
EXAFS Studies 
EXAFS, Extended X-ray Absorption Fine Structure, is a technique for 
probing specific sites in complex molecules. A high intensity, tunable X-ray source 
is required, with most experiments using synchrotron radiation - which gives useful 
spectra for solids, liquids and concentrated solutions. 
When X-rays are absorbed by atoms, there are oscillations of the absorption 
coefficient on the high energy side of the absorption edge. When an X-ray photon 
with sufficient energy is absorbed by an atom, a core electron is ejected, and the 
outcome can be represented as an outgoing spherical wave originating at the 
absorbing atom. If the atom has neighbours, back-scattering from each of them gives 
an incoming electron wave, and so causes interference (Figure 8.4). This results in 
variations in the absorption coefficient which depends on the spacial relationships of 
the central atom and its neighbours. The distances between the absorbing atom and 
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its various neighbours can then be deduced. In order to obtain this information, the 
absorption spectrum is measured in the vicinity of the absorption edge for the chosen 
element. The total pattern of this absorption spectrum is the sum of a number of 
dampened sine waves, superimposed on the absorption edge. After normalising the 
function with respect to a smooth background, the EXAFS spectrum undergoes a 
Fourier transformation to give a radial distribution curve, which shows the 
distribution of the atoms surrounding the central, absorbing atom. Refinement of a 
model to fit the observed intensity data can be carried out, giving the distances 









Figure 8.4: Representation of Interference Caused by Ejection of Core Electron 
The work reported in this Chapter was carried out at the Daresbury 
Synchrotron Facility. EXAFS data was collected at the Pt L(III)-edge in transmition 
mode on station 7. 1 at the Daresbury Synchrotron Source, operating at an energy of 
2 GeV and an average beam current of 150 mA. A channel cut Si (111) crystal was 
used an a monochromator. The EXAFS measurements were carried out at room 
temperature on solutions of the complexes in CH 3NO2 or powdered samples diluted 
with boron nitride (BN). The powdered samples were mounted in 1 mm pathway 
holders sealed between Sellotape strips. The systematic errors in bond distances 
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arising from data collection and analysis procedures are ca. ±0.02 A for well 
defined shells. 116 The Debye-Waller factors, 2&, give the deviation in the bond 
distance, d, and take into account thermal vibrations. The goodness-of-fit of the 
EXAFS models are given by R factors which are calculated using Equation 8.1. 
R = [f(XT - )CE)k3dkl / [JxEk3dk] 
Equation 8.1: Calculation of R Factors 
195Pt ninr Spectroscopy 
The isotope "'Pt has a spin- 1/2 nucleus, with a natural abundance of 33.8%, 
so can be studied by nmr .spectroscopy. The chemical shift range is wide, 13 000 
ppm, and it has been noted that the chemical shift depends strongly on the types and 
arrangements of the donor atoms bound to the Pt metal centre, but depends relatively 
little on longer range effects.' 77 This makes ' 95Pt nmr spectroscopy an ideal technique 
for studying the solution chemistry of Pt-thioether macrocyclic complexes, and 
possibly identifying the apical interactions. The presence, or absence, of the donor 
atoms at the apical sites may have a large effect on the chemical shift of the "Pt 
resonance. This technique will also give information about the geometry of the Pt' 
coordination sphere. Previous studies of Pt thioether complexes using 195Pt nmr 
spectroscopy have been reported by Abel et al. 142b  Their work was confined to Pt' 
complexes, and they report the 195Pt nmr spectra for fac-{Pt([9]aneS3)Me3], 
fac-[Pt([1211aneS4)Me31 and fac-[Pt([12aneS 3O )Me3]. These results are given in 
Table 8.1. 
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Complex 6 (ppm) 
fac-[Pt({9}aneS 3)Me3] + 731 
fac-[Pt([12]aneS 4)Me3] + 1088 
fac-[Pt([12]aneS 30)Me31 1020 
Table 8.1: Chemical Shifts in "Pt nmr offac - [Pt([9]aneS3)Me31, 
fac- [Pt([ 12]aneS 4)Me3] + and fac- [Pt([ 12]aneS 3O)Me3] + (quoted relative to 	95Pt) 
21.414 MHz) 
The single crystal structure of fac-[Pt([9]aneS 3)Me.3] shows the Ptw  metal 
centre to adopt an octahedral geometry, with the [9]aneS3  ligand bound facially, 
shown in Figure 8.5. 1 H and '3 C nmr spectroscopy suggests that the macrocycles in 
the comp lexesfac- [Pt([ 12]aneS 4)Me3] + andfac-[Pt([ 12]aneS 3 O)Me3] + are also bound 
through three donors in a similar facial manner, and that the macrocycle in the 
complex fac-[Pt([12]aneS 4)Me3J is fluxional. The "'Pt spectrum for each of the 
complexes consists simply of a singlet. However, the resonance observed for fac-
[Pt([9]aneS3)Me3] shows a marked upfield shift relative to those observed for 
[Pt([ l2]aneS 4)Me3] + andfac- [Pt({ 12}aneS 3O)Me3] , implying considerably stronger 
metal-sulphur bonding in fac-[Pt([9]aneS3)Me3] + 
Figure 8.5: Crystal Structure of fac - [Pt([9]aneS3)Me3] 
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The aim of this work was to examine the stereochemistries of Pt' thioether 
macrocyclic complexes in solution. The geometries of [Pt([12]aneS 4]2 , a well 
defined square planar complex, and [Pt([9]aneS3)2] 2  were studied by EXAFS, both 
as solids and as solutions. These structures could then be compared to the single 
crystal X-ray structures. The "'Pt nmr spectra of a wide range of Pt' thioether 
macrocyclic complexes were studied, to find a correlation between structure and 
chemical shift. 
8.2 Results and Discussion 
8.2. 1 EXAFS Structure of [Pt([1 2]aneS4)](PF6)2 
The single crystal X-ray structure of [Pt([12]aneS 4)]2  was published by 
Endicott et at in 1993,116  and shows the Pt' metal centre coordinated to all four 
S-donors of the macrocyclic ligand, Pt - S = 2.293(1), with the Pt' lying 0.33 A out 
of the S4  plane. The ligand is configured so that the lone pairs of all four S-donors 
are oriented similarly, in a cccc-conformation: all atoms of the macrocycle lie on 
one side of the S 4 plane (Figure 8.6). The coordination sphere bond lengths of both 
the sOlid and the CH3NO2 solution of [Pt([12]aneS 4)J(PF6)2 were obtained by 
EXAFS. 
Figure 8.6: Crystal Structure of [Pt([ 12]aneS4)] 2 
A sample of Pt([12]aneS 4)](PF6)2 was prepared following the literature 
method. The EXAFS spectrum of solid [Pt([12]aneS 4)](PF6), is shown in Figure 8.7, 
with the radial distribution curve following Fourier transformation given in Figure 
8.8. The results of the best-fit model given in Table 8.2. These values resulted in 
an R factor of 16.7%. 
10. 
10




Bond Type No. of Close 
Contacts 
Bond Length (A) 
(±0.02 A) 
2& (A2) 
Pt - S 4 2.267 0.006 
Pt 	C 8 3.070 0.035 
Pt 	F 2 3.495 0.013 
Table 8.2: Pt L(III)-edge EXAFS data of solid [Pt([12]aneS 4)](PF5)2 
Figure 8.7: EXAFS spectrum of Solid [Pt([12]aneS 4)](PF6)1 
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Figure 8.8: The Radial Distribution Curve of Solid [Pt([12]aneS 4)}(PF5)1 
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The EXAFS spectrum of a solution of [Pt([12]aneS 4)](PF6)1 in CH 3 NO, is 
shown in Figure 8.9, with the radial distribution curve following Fourier 
transformation given in Figure 8.10. The results of the best-fit model given in Table 
8.3. These values resulted in an R factor of 22.1%. 
Bond Type No. of Close 
Contacts 
Bond Length (A) 
(±0.02 A) 
2& (A2) 
Pt - S 4 2.278 0.004 
Pt" C 8 3.105 0.026 
Table 8.3: Pt L(111)-edge EXAFS data of a solution of [Pt([12]aneS 4)](PF6) 2  in 
CH3NO2 
On 
EXAFS QpoIn.onc) ..k..3 




Figure 8.9: EXAFS spectrum of [Pt([12]aneS 4)](PF 6) 2 in Solution 
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Figure 8.10: The Radial Distribution Curve of [Pt([12]aneS 4)](PF6)2 in Solution 
These results suggest that the structure of {Pt([12]aneS 4)j2 obtained by single 
crystal X-ray diffraction is retained in the solid and in solution. All three 
structures - the single crystal X-ray structure and the EXAFS structures as a solid 
and in solution - show the Pt' metal centre bound to all four S-donors of the 
macrocycle at a distance of 2.27 - 2.29 A, with the macrocycle in a cccc-
conformation. 
8.2.2 EXAFS Studies of [Pt([9]aneS 3)2]2 
The single crystal X-ray structure of [Pt([9]aneS 3)2]2 was published by 
SchrOder et al in 1987,113  and shows the Pt' metal centre bound to four S-donors in 
a square planar geometry, Pt - S = 2.25 - 2.30 A, with an apical interaction to only 
one of the remaining S-donors, Pt" S = 2.88 A. The sixth S-donor is pointed away 
from the metal centre, and does not interact, Pt ..... S = 4.04 A (Figure 8.11). In 
order to investigate the structure of [Pt([9]aneS3)2]2  as a solid, and in solution, 
EXAFS studies of the solid and solution were carried out. 
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Figure 8.11: Crystal Structure of [Pt([9]aneS 3)2 2 
A sample of [Pt([9]aneS3)2](PF6)2  was prepared following the literature 
method. Dr Gill Reid then collected the EXAFS data of the complex as solid sample 
and as a solution in CH 3NO2 . The EXAFS spectrum of solid [Pt([9]aneS3)21(PF5)2  is 
shown in Figure 8.12, with the radial distribution curve following Fourier 
transformation given in Figure 8.13. The results of the best-fit model given in Table 
8.4. These values resulted in an R factor of 23.0%. 
Bond Type No. of Close 
Contacts 
Bond Length (A) 
(±0.02 A) 
2a2 (A2) 
Pt - S 4 2.283 0.006 
Pt 	C 8 3.227 0.023 
Pt 	C 4 3.601 0.040 
Pt 	S 1 3.079 0.025 
Table 8.4: Pt L(III)-edge EXAFS data of solid of [Pt([ 9]aneS3)2](PF6)2 
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Figure 8.12: EXAFS spectrum of solid [Pt([9]aneS 3)2](PF6) 2 
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Figure 8.13: The Radial Distribution Curve of solid {Pt([9]aneS 3),](PF 6)2 
The EXAFS spectrum of a solution of [Pt([9]aneS 3)1](PF 6)2 in CH3 NO, is 
shown in Figure 8.14, with the radial distribution curve following Fourier 
transformation given in Figure 8. 15. The results of the best-fit model given in Table 
8.5. These values resulted in an R factor of 28.0%. 
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Bond Type No. of Close 
Contacts 
Bond Length (A) 
(±0.02 A) 
2a2 (A2) 
Pt - S 4 2.281 0.005 
Pt 	C 8 3.217 0.018 
Pt 	C 4 3.544 0.038 
PtS 1 3.101 0:0-28 





Figure 8.14: EXAFS spectrum of [Pt([9]aneS 3),](PF6)2 in Solution 
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Figure 8.15: The Radial Distribution Curve of [Pt([ 9]aneS3)2](PF6)2 in Solution 
Unfortunately, the results of these experiments are inconclusive as the 
refinement does not change much if the interaction between the Pt metal centre and 
the apical S-donor is ignored. The technique is not sensitive to these apical 
interactions, mainly because the apical S-donors are nearly the same distance away 
from the metal centre as the carbon atoms. This means that the Pt S distance is 
approximately equal to the Pt C distance and the shells are not distinct. This is 
consistent with nmr data which indicate that this complex is highly fluxional in 
solution. Also, as the goodness-of-fit (R-values) of the EXAFS models of the 
{Pt([12]aneS 4)]2 systems are much better than the models of the [Pt([9]aneS,) 2] 2 
systems and more accurate values are obtained for [Pt([12]aneS 4)1 2t 
8.2.3 Structural Determination of [Pt([ 1 6]aneS 4)] (P F6), 
The structures of the tetradentate thioether macrocyclic complexes of Pt', 
[Pt([12]aneS 4)]2 and [Pt([14]aneS 4] 2 , have been determined previously and are 
discussed in Section 8.1. The ligand [16]aneS 4 has a larger cavity size than [12]aneS 4 
and [14]aneS4 , and can fully encapsulate the Pt' metal centre. In order to assess the 
effect of the larger cavity size on the stereochemistry of the complex, the single 
crystal structural determination was undertaken on the complex [Pt([ 1 6]aneS 4)J(PF6),. 
The details of the structure solution are given in Section 8.4.1. Selected bond 
lengths, angles and torsions are given in Tables 8.6 - 8.8, and diagrams of th cation 
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are given in Figures 8.16 and 8.17. The structure of [Pt([16]aneS 4)](PF6)2 shows the 
Pt" metal centre coordinated to all four donors of the macrocyclic ring in a square 
plane. The Pt metal centre sits in the S 4 plane, and unlike the complexes 
[Pt([12]aneS4)]2  and [Pt([14]aneS4)]2,  the ligand encapsulates the metal centre with 
coordination from above and below the S 4 plane. The ligand adopts a 
act-conformation, with two of the S-donors having lone-pairs pointing above, and 
two S-donors with lone-pairs pointing below the S 4 plane. This can be seen more 
clearly in the alternative view of the cation given in Figure 8.17. 
Pt - S(1) 2.310( 2) C(4) - S(5) 1.802( 8) 
Pt - S(5) 2.310( 2) S(5) - C(6) 1.819(8) 
5(1) - C(2) 1.813( 8) C(6) - C(7) 1.488(11) 
C(2) - C(3) 1.461(11) C(7) - C(8) 1.515(12) 
C(3) - C(4) 1.463(11) C(8) - S(9) 1.810( 8) 
Table 8.6: Selected Bond Lengths (A) with standard deviations of 
[Pt([ 1 6]aneS 4)] (PF 6)2 
S(5) - Pt - S(1) 98.91( 6) C(4) - 5(5) - C(6) 99.0(4) 
C(16) - S(1) - C(2) 102.2( 4) C(4) - 5(5) - Pt 113.7( 3) 
C(16) - 5(1) - Pt 103.0(3) C(6) - 5(5) - Pt 105.5( 3) 
C(2) - S(1) - Pt 114.4( 3) C(7) - C(6) - 5(5) 112.9( 5) 
C(3) - C(2) - S(1) 119.6( 5) C(6) - C(7) - C(8) 115.5( 7) 
C(2) - C(3) - C(4) 118.1( 8) C(7) - C(8) - S(9) 109.6( 5) 
- - 5(5) 114.8( 6) 
Table 8.7: Selected Angles (°) with standard deviations of [Pt([16]aneS 4)J(PF 6), 
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Figure 8.16: Crystal Structure of [Pt([16]aneS 4)](PF6)2 
Figure 8.17: Alternative View of [Pt([16]aneS 4)](PF6)1 
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C(16) - S(1) - C(2) - C(3) -87.4 
( 
8) 
S(1) - C(2) - C(30 - C(4) -69.0(10) 
 - C(3) - C(4) - S(5) 80.4 (9) 
 - C(4) - S(5) - C(6) -154.5 (7) 
 - S(5) - C(6) - C(7) -171.5 (6) 
S(5)-C(6)-C(7)-C(8) -66.5(8) 
C(6) - C(7) - C(8) - S(9) 170.8 (8) 
Table 8.8: Selected Torsion Angles (°) with standard deviations of 
[Pt([ 1 6]aneS 4)] (PF 6) 2 
8.2.4 195Pt nmr Spectroscopic Studies 
The EXAFS studies discussed in Sections 8.2.1 and 8.2.2 suggest that the 
structures of Pt' thioether macrocyclic complexes obtained from single crystal X-ray 
diffraction may be retained in solution. From the single crystal X-ray diffraction 
data, it can be seen that Pt' thioether macrocyclic complexes adopt several different 
geometries. For example, [Pt([9]aneS3)2]2  adopts a square pyramidal geometry, 
whereas [Pt([18]aneS 6
)]2 
 has the Pt' metal centre in a [4 + 2], quasi-octahedral 
coordination, with the complexes [Pt([12]aneS 4)]2 and {Pt([14]aneS 4)] showing 
approximate square planar stereochemistries. By studying these complexes by ' 95Pt 
nmr spectroscopy, the different environments should give different chemical shifts, 
allowing structural predictions of complexes with, as yet, unknown geometries. 
Samples of the complexes [Pt([9]aneS 3)
2
](PF6)2 , [Pt([12]aneS 4)](PF6),, 
[Pt( [14] aneS 4 )] (PF 6 ) 2 , 	 [ Pt( [16] aneS 4 ] (PF 6 ) 2 , 	 [ Pt( [15] aneS 5 )] (P F 6 ) 2 , 
[Pt([ 18] aneS 6)] (PF 6 ) 2 , [Pt([24]aneS 8 )] (PF 6),, [Pt,([2 8] aneS 8)] (PF 6 ),, 
[Pt([ 1 8]aneN 1S4)(PF6)2 , and [Pt(Me2 [ 18] ane N,S4)]  (PF5)2  were prepared in Edinburgh. 
The samples were then sent to Dr Gill Reid in Southampton, who recorded the ' 95 Pt 
nmr spectra. The 195Pt nmr spectra were recorded on a Bruker AM360 nmr 
spectrometer operating at 77.4 MHz and are referenced to aqueous [PtCl 6] 2 (S = 0 
ppm). Spectra were recorded in 10 mm o.d. tubes containing 10% deuterated solvent 
or a 5 mm o.d. insert tube containing D 20 to provide a lock. As examples, the ' 95 Pt 
nmr spectra of [Pt([ 12]aneS 4)]2 , [Pt([9]aneS 3)2] 2 and [Pt([ 1 8]aneN2S 4
)] 2 
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in Figures 8.18 - 8.20, with all the results summarised in Table 8.9. 
Complex Solvent Chemical Shift 
6(ppm) 
[Pt([9]aneS3)2](PF6)2 CH3NO2 / D20 -4122 
[Pt([12]aneS 4)](PF6)2 CH3NO2 / D20 -4697 
[Pt([14]aneS 4)](PF6) 2 CI-1 3NO2 / (CD3)2C0 -4653 (major) 
-4725 (minor) 
[Pt([16]aneS 4](PF6)1 CH3CN / CD3CN -4177 
[Pt([15]aneS 5)](PF6) 2 CH3CN I (CD3) 2CO -4231 
{Pt([ 1 8]aneS6)](PF6)2 CH3NO2 / D20 -4160 
[Pt([24]aneS 8)](PF6) 2 CH3NO2 I (CD3)9C0 -4683 
[Pt2([28]aneS8)](PF6)2 CH3 NO2 / D20 -4664 
[Pt([18]aneN 2S4)(PF6) 2 CH3NO2 I (CD3)2C0 -3035 
-3524 
{Pt(M;[1 8]aneN 2S4)](PF5)2 CH3NOI / D20 -4592 





Table 8.9: Summary of ' 95 Pt Chemical Shifts of a Range of Pt Thioether 
Complexes recorded at 300 K 
The complex [Pt(MeSCH 2CH2SMe)2](PF6), was included as a non-
macrocyclic comparison. It shows three different resonances, suggesting that there 
are three different invertomers in solution. The complex [Pt([14]aneS 4)](PF6)2 also 
shows more than one resonance, one much stronger than the other. This is almost 
certainly due to a small amount of a different invertomer present in this sample. The 
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spectrum of the complex [Pt([18]aneN2S4)](PF6)2 exhibits more than one resonance, 
suggesting the presence of more than one species in solution. The impurity is 
possibly the dimer [Pt2Cl2([18]aneN2S4)2]2 , which may correspond to the resonance 
at S = -3035 ppm. The coordination of a halide atom to the metal centre normally 
causes the "'Pt chemical shift to move to more positive values, but a bridging halide 
causes a less positive shift than a terminal halide, with dimerisation having a 
minimum effect on the chemical shift. 179 The coordination mode of the ligand will 
change on dimerisation, and it is possible that it is two S-donors which coordinate 
to the metal centre, and not a 5- and N-donor. As metal centres coordinated solely 
to S-donors have more negative chemical shifts, this could explain the more negative 
chemical shift of the dimer.' 78 
From Table 8.9, the resonances of complexes of Pt' with macrocyclic ligands 
containing only S-donors appear to fall into two different categories; those with 
resonances between S = -4600 to -4750 ppm, and those with resonances between 
S = -4100 to -4250 ppm. The first group of complexes consists of the Pt' complexes 
of [12]aneS4 , [ 14]aneS4 , [24]aneS 8 , MeSCH2CH2SMe and the dinuclear complex of 
[28]aneS8. The second group of complexes, with resonances less negative than the 
first group, consists of the Pt' complexes of [9]aneS3, [ 1 6]aneS4, [15]aneS 5 and 
[1 8]aneS 6 . 
The known structures from the first group of complexes are [Pt([12]aneS 4)J 2 
and [Pt([14]aneS 4)]2 . Both of the ligands in these complexes adopt a 
cccc-conformation, with all the lone-pairs of the S-donors pointing above the S 4 
plane. 1 H and ' 3C nmr studies on the complex [Pt 2 [28]aneS 8)]4 suggest the presence 
of more than one isomer present in solution, interchanging rapidly, probably via a 
ring-flipping mechanism. One isomer appears to have a fully symmetrical 
conformation, with a less symmetrical isomer being formed by one six-membered 
ring flipping into the opposite conformation. The structures of the complexes 
[Pt([24]aneS 8)J2 and [Pt(MeSCH2CH2SMe)2] 2 are not known. The complexes 
which fall into this category appear to have the lone pairs of the coordinating S-
donors all orientated in the same way, in a cccc-conformation, shown in Figure 
8.21. 
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Figure 8.21: The cccc- and ctct- Conformations of Square Planar Complexes 
More structures are known for the complexes in the second group. The 
complex [Pt([9aneS3)21 2  has an unusual [4 + fl geometry, with the equatorial 
S-donors bound in a act-conformation. As discussed in Section 8.2.3, the ligand of 
the complex [Pt([16]aneS 4)] 2  also adopts . a act-conformation. Figure 8.22 shows 
that the ligands of the complexes [Pt([15]aneS 5)} 2 and [Pt([18]aneS 6)] 2  also adopt 
act-conformations t) These results suggest that complexes having a 
act-conformation show a less negative chemical shift in the "'Pt nmr spectrum of 
the complex, compared to complexes adopting a cccc-conformation. The effect of 
changing the coordination mode of the ligands is well known to have an effect on the 
"'Pt nmr chemical shift. For example, the "'Pt nmr spectra has been recorded for 
the complex [PtCl 2 (SMe2) 2] as both the cis and the trans isomers and a difference of 
127 ppm seen in their resonances, shown in Table 8. iO.' 




Figure 8.22: The Crystal Structures of [Pt([15]aneS 5)]2  and [Pt([ 1 8]aneS6)] 2 
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Isomer 6(ppm) 
cis-[PtCl 2(SMe2)2] -3551 
trans- [PtC 12(SMe2)2] -3424 
Table 8.10: "Pt nmr Chemical Shifts for the Isomers of [PtC1 2 (SMe.,)2] 
The ' 95 Pt nmr spectra for two complexes containing N-donors have been 
recorded, namely [Pt([ 1 8]aneN 2S4)] (PF6) 2 and [Pt(Me2 { 1 8]aneN9S4)] (PF6)2. The 
sample of the complex [Pt([18]aneN 2S4)](PF6)2 shows resonances at ö = -3035 and 
-3524 ppm, indicating that it is a mixture of two species, with 
[Pt(Me2{ 1 8]aneN2S4)](PF6)2 exhibiting a resonance at 8 = -4592 ppm. The complex 
[Pt([18]aneN2S4)J(PF6) 2 is unique among the complexes studied here, as it is the only 
one which has a N-donor coordinated to the Pt" metal centre. Previous studies using 
'H and ' 3 C nmr spectroscopy have suggested that the complex adopts a distorted 
square-based pyramidal geometry around the Pt" metal centre, analogous to 
[Pd([18]aneN2S4)]2 , which has been structurally characterised by X-ray 
crystallography. The distorted square-based pyramidal geometry involves primary 
N2S1 coordination, with one axial S-donor, and the remaining S-donor dangling 
(Figure 8.23).21  Further evidence for the equatorial binding of the N-donors is seen 
in the "Pt nmr spectrum. The linewidth of the resonance in the "Pt nmr spectrum 
of [Pt([18]aneN2S4)]2 is much larger than the resonances of the other complexes. 
This is because the Pt" metal centre is now bonded to a quadrupolar nucleus, ' 4 N, 
which has spin = 1. It has been found that the linewidths of "Pt resonances are 
largest when the platinum is bonded directly to quadrupolar nuclei.' 80 This suggests 
that the Pt" metal centre is bound to the N-donors of the macrocycle. It is possible 
that the complex is fluxional, which would also cause a broadening of the line-
widths. As N is a better a-donor than 5, the coordination of two N-donors to the 
metal centre has caused the Pt nucleus to have a less negative chemical shift than a 
Pt nucleus bound to only S-donors. The coordination of donor atoms to the Pt metal 
centre has been found to increase the negative value of the "Pt nmr chemical shift 
in the order N < S Se < As < P, as seen in the series of complexes [PtCl,L] - , 
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Table 8.11: "'Pt nmr Chemical Shifts for [PtC1 3L] 
The proposed structure of the complex [Pt(Me,[18]aneN2S 4)] 2 , on the basis 
of "'Pt nmr studies, has the Pt' metal centre with a square planar geometry, 
coordinated only to the four S-donors, with the ligand in a act-conformation, and 
two of the lone-pairs of the S-donors pointing above, and two below, the S 4 plane 
(Figure 8.24). The N-donors are thought to be non- interacting, ' 22t' resulting in a 
similar Pt environment to [Pt([ 16]aneS4)] 2  and [Pd(Me4 1 8]aneN2S4)] 21  . The value 
of -4592 ppm is only slightly lower than the other complexes with the Pt' metal 
centre coordinated to four S-donors in a act-conformation. The complex may be 
fluxional on the nmr time-scale, with one of the species showing Pt N-donor 
interactions. This would cause a shift in the resonance in the "Pt nmr spectrum. 1121 
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Figure 8.24: Representation of Structure of [Pt(Me2[ 1 8]aneN2S4)1 2 
From the "'Pt nmr spectra of the range of macrocyclic complexes studied in 
this Section, there appears to be a correlation between the conformation of the ligand 
at the metal centre and the ' 95Pt nmr resonance. Complexes containing the ligand in 
a cccc-conformation have a resonance in the range 6 = -4600 to -4750 ppm, with 
the complexes of ligands in the act-conformation having resonances in the range S 
= -4100 to -4250 ppm. For complexes of ligands containing coordinated N-donors, 
the resonances appear at a more positive chemical shift. 
8.3 Conclusions 
EXAFS studies have been carried out on the complexes [Pt([12]aneS 4)] (PP 6) 2 
and {Pt([9]aneS 3) 2](PF6)2 , which suggest that the structures determined by single 
crystal X-ray diffraction may be retained in solution. 
The single crystal X-ray structure of the complex {Pt([16]aneS4)J(PF6)2 shows 
the Pt" metal centre bound to four S-donors in a square planar configuration. Unlike 
the Pt" complexes of the smaller macrocycles [12]aneS 4 and [14aneS4 , the Pt" 
complex of [16]aneS 4  has the ligand in a act-conformation. 
195pt nmr studies of a range of thioether macrocyclic complexes have been 
undertaken and show that the conformation of the ligand has an effect on the "Pt 
resonance. Complexes containing the ligand in a cccc-conformation have resonances 
at .6 = -4600 to -4750 ppm, with complexes with the ligand adopting a 
act-conformation having resonances at S = -4100 to -4250 ppm. Thus, the "'Pt nmr 
resonance of a Pt" macrocyclic complexes can give important structural information. 
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8.4 Experimental Procedure 
8.4.1 Single Crystal Structure of [Pt([16]aneS 4)](PF6)2 
Crystals of [Pt([16]aneS 4)2](PF6)2 were grown by diffusion of Et,O vapour 
into a solution of the complex in CH 3NO2 . An irregular colourless block (0.54 x 
0.35 x 0.31 mm3) suitable for X-ray analysis was mounted on a Stoe Stadi-4 four 
circle diffractometer. 
Crystal data: {Pt(C 12H24S4)]2 2PF6 .2CH3CN, M = 863.69, monoclinic, space group 
F21 1c, a = 11.1028(18), b = 10.0998(15), c = 13.1271(19) A, 13 = 100.15(2), U 
= 1449.0 A3 (from 20 values of 34 reflections measured at ±0), 5 < 20 :!~ 
450, 
X = 0.71073 A), D = 1.980 g cm 3 , Z = 2, p. = 5.329 mm 1 , F(000) = 840. 
Data collection and processing: Graph ite-monochro mated Mo-K a X-radiation, T = 
293 K, using on-line profile fitting, 1890 unique data measured (5 :5 20 :!~ 45°), 
h -11 -> 11, k 0 -> 10, 1 0 -> 14. 
Structure analysis and refinement: A Patterson synthesis located the Pt atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. Refinement (by least squares on J)137  with anisotropic 
thermal parameters for all non-H atoms and with H-atoms in fixed calculated 
positions converged at R 1 [F> 4c(F)] = 0.0256, wR 2 [all data] = 0.0713, S[F2] = 
1.094 for 171 parameters, and the final AF synthesis showed no feature above 0.54 
eA. The weighting scheme w' = [o2(F02) + (0.036P) 2 + 2.87P], P = 




Half-Sandwich Complexes of Palladium(II) and 
Platinum(II) 
9.1 Introduction 
Many substitution and isomerisation reactions of Pd" and Pt" square planar 
complexes proceed via an associative mechanism involving distorted five-coordinate 
intermediates. For example, the cis-trans isomerisation of [MX2L2] (
M = Pd, Pt; 
X = halide; L = phosphine, arsine or stibine) is thought to proceed by an 
associative mechanism, with pseudorotation of the five-coordinate intermediate. This 
is supported by the crystal structure of [PdCl 2(PMe2Ph)31, which shows the metal 
centre adopting a five-coordinate geometry which is intermediate between square 
pyramidal and trigonal bipyramidal.' 8°  The Pd metal centre is bound to the three P 
atoms, Pd - P = 2.265(3), 2.326(3) and 2.344(3) A, with one short and one long 
Pd - Cl bond, Pd - Cl = 2.434(3), 2.956(3) A (shown in Figure 9.1). The mean 
deviation of the bond angles is 9.5° from a square pyramid, and 9.7° from a trigonal 
bipyramid, indicating that this structure is half-way between the alternative 
five-coordinate geometries. This transitional geometry suggests that the 
five-coordinate intermediate of cis-trans isomerisation does undergo pseudorotation 
between the square pyramidal and the trigonal bipyramidal geometries, as proposed 
by Berry. 181 
Figure 9.1: Crystal Structure of [PdCl2(PMe 2Ph) 3] 
As discussed previously, both Pd' and Pt" form complexes with coordination 
numbers greater than four, although as d 8  metal ions their preferred geometry is 
four-coordinate square planar. There are several examples of complexes of Pd" and 
Pt" forming five- or six-coordinate compounds with macrocyclic and 
non-macrocyclic ligands. The complexes of Pd" and Pt" with thioether macrocycles 
containing 3 or 6 donor atoms have metal centres coordinated to five donor atoms, 
217 
as in [Pt([9]aneS 3)2} 2 , 113  or to six donor atoms, seen in the Pd' complexes of 
[9]aneS3 , 2° [9]aneNS 2 ,' 68 and [18]aneS 6 118 and the Pt" complexes of [10]aneS 3 182 and 
[9]aneNS2. 169 
Five-coordinate Pd" and Pt" metal centres in macrocyclic complexes is not 
restricted to thioether ligands. The complex [Pd((pyCH 2)3 [9]aneN3)]2 exhibits a 
square pyramidal geometry, 1131  with the Pd" metal centre coordinated to two.of the 
macrocyclic N-donors and two pyridine N atoms in a basal plane, the average 
Pd - bond length is 2.044 A with the average Pd - distance 2.03 A. The 
fifth, apical coordination site is occupied by the third macrocylic N-donor, Pd - N 
= 2.580(3) A. This structure is shown in Figure 9.2. 
Figure 9.2: Crystal Structure of {Pd((pyCH2)3[9]aneN3)]2 
Several complexes of Pd' with bipy and phen have been reported which 
contain five-coordinate metal centres. ' 83 For example, the complex 
[PdCl(PPh3)1(phen)] has a square pyramidal geometry with one strong (2.09(5) A) 
and one weak Pd - N phe  bond, 2.68(4) A. 1 M This is shown in Figure 9.3. 
Figure 9.3: Crystal Structure of [PdC](PPh 3) 1 (phen)] 
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Studies have been carried out on some half-sandwich complexes of Pd' and 
Pt11  with macrocyclic ligands. These were discussed previously in Section 3.3. The 
complexes of the type cis-[Pd(9afleS3)X2] with X 2 = Br2 , Cl2, (PPh3)2
, bipy, phen, 
triphos and dppm have been prepared and structurally
20b, The 
structures are similar, with the Pd' metal centre adopting a five-coordinate, distorted 
square pyramidal geometry, bound to the donor atoms of the X groups, with two of 
the S-donors of the macrocycle oriented trans to these donor atoms, resulting in a 
square planar geometry. The remaining S-donor of the macrocycle interacts with the 
metal centre at an apical position to give an overall [S 2X2  + 5,] distorted square 
pyramidal geometry. Roberts found that the it-acceptor/ic-donor properties of the X 
groups had a significant effect on the strength of the Pd' interaction with the apical 
S-donor, with ic-acceptor ligands encouraging a stronger Pd S apical interaction."' 
The half-sandwich complex {Pd(Me3 [9]aneN3)(NCMe)2] 2 has also been 
prepared. 152 It adopts a distorted square pyramidal geometry, with the Pd' metal 
centre bound to two N-donors of the macrocycle, Pd - N = 2.037(7) A, and to the 
two N-donors of the MeCN groups, Pd - N = 2.016(6) A. The third N-donor of the 
macrOcycle interacts with the metal centre at the apical position, Pd N = 2.523(8) 
A to complete the square pyramidal geometry. This structure is shown in Figure 9.4. 
Figure 9.4: Crystal Structure of [Pd(Me 3 [9]aneN 3)(NCMe) 2]2 
Hoffmann et al have carried out some molecular orbital calculations on d 8 
metal systems which adopt square pyramidal geometry."' These calculations suggest 
that the optimal L eq MLeq  angle (shown in Figure 9.5) is 164 0 for a d' ML5 square 
pyramidal system, suggesting that the metal sits above the S2X 2 plane, towards the 
apical S-donor. Also, d' ML 5 systems have stronger M-Lbonds than ML ap bonds. 
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This suggests that cr-donors will prefer to bond to the metal centre in an equatorial, 
or basal, position with or-acceptors preferring the apical sites (Figure 9.6). The 
greatest basal it-interactions in a square pyramidal geometry comes with aligand 
orbital oriented parallel to the pseudo-C 4  axis. This suggests that an equatorial 
position is preferred for a it-acceptor ligand. Ligands which are ic-donors will prefer 
the apical position, as this will minimise ic-interactions (Figure 9.7). 
Figure 9.5: The Geometry of a Square Pyramid 
Figure 9.6: Preferred Orientations for o-donor and a-acceptor Ligands 
Figure 9.7: Preferred Orientations for it-donor and it-acceptor Ligands 
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A comparison of molecular orbital diagrams for square planar and square-
based pyramidal d 8  complexes is given in Figure 9.8. The square planar geometry 
can be thought of as the limiting case of Jahn-Teller distortion of an octahedron, 
with the two ligands along the z-axis withdrawn to infinity. In the case of a square 
pyramid, only one of the ligands lying on the z-axis is withdrawn, leaving the fifth 
ligand coordinated to the metal centre. This means that in d 8 square planar 
complexes the energy of the d2 orbital is significantly lowered, and the d,2 orbital 
has the highest energy. As the energy gap between the d,,2-,,2 and the d,, orbitals is 
large, two eledtrons will pair up in the d orbital, leaving the d2 orbital empty. 
Removing only one of the ligands from an octahedron to form a square pyramid also 
reduces the energy of the ag , but not to the extent found in square planar complexes. 
This reduction in energy of the dz  orbital makes it the HOMO (highest occupied 
molecular orbital) for d 8 metal complexes, with the as the LUMO (lowest 
unoccupied molecular orbital). 










Figure 9.8: Molecular Orbital Diagrams for Square Planar and Square Pyramidal 
Complexes 
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The aim of the work discussed in this Chapter was to synthesis half-sandwich 
complexes of Pd' and Pt' with different tridentate macrocyclic ligands and try to 
force these complexes to adopt five-coordinate square pyramidal structures. The 
ligands studied were [10]aneS 3 , which was discussed in Chapter 7, [9]aneNS 2 and 
Me[9]aneNS2 which were both discussed in Chapters 4 and 5. The ligand [10]aneS 3 
is more flexible than its nine-membered ring counterpart, and can therefore ease any 
strain caused by all three S-donors coordinating to the metal by giving a more 
distortable ring. The incorporation of the mixed N,S-donor ligands [9]aneNS2  and 
Me[9]aneNS2. into the half-sandwich complexes of Pd' and Pt' will give a mixed 
donor set around the metal centre. 
9.2 Results and Discussion 
9.2.1 [Pd([10]aneS3)C 1 2] 
Reaction of PdCl2 with one molar equivalent of [1O]aneS 3 in a solvent mixture 
of CH3CN and CHC1 3 results in an orange solution. After removing the solvent, the 
resultant orange solid can be purified by recrystallising from DMF - Et 20. Elemental 
analysis and JR spectroscopy support the assignment of this product as 
[Pd([10]aneS 3)Cl2]. This is confirmed by nmr spectroscopy. The 1 H nmr spectrum 
of [Pd([10]aneS3)C12]  in DMSO shows a multiplet at 8 = 2.97 - 3.49 ppm, 
corresponding to the macrocyclic CH2S, and another multiplet at 5= 1.89 - 2.34 
ppm assigned to the protons of the central CH, of the CH 2CH2CH2 linkage. The ' 3 C 
nmr spectrum shows resonances at 5 = 25.3 and 29.3 ppm, corresponding to the 
central and terminal CH, groups of the CH2CH,CHI linkage respectively. Another 
resonance is seen at 5 = 36.1 ppm, assigned to one CH, group of the CH2CH, 
linkages, with another resonance hidden under the solvent peaks at 5 = 38.4 - 40.9 
ppm. 
9.2.2 Structural Determination of {Pd([ 1 0]aneS 3)Cl,] 
In order to compare the geometries of [Pd([9]aneS 3)C11] and 
[Pd([10]aneS 3)Cl2], a single crystal X-ray structural determination of 
[Pd([ 1 0]aneS3)Cl2] was carried out. Selected bond lengths, angles and torsions are 
give in Tables 9.1 - 9.3, and a diagram of the complex is given in Figure 9.9. The 
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Figure 9.9: Crystal Structure of [Pd([10]aneS 3)C1 2] 
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crystal structure of [Pd([10]aneS3)C12]  shows primary S 2C12 coordination, with the 
Pd' metal centre bound to two of the S-donors of the macrocycle, Pd. - S = 
2.266(2), 2.268(2) A, and to both chloride atoms, Pd - Cl = 2.337(2), 2.348(2) A. 
The third S-donor of the macrocyclic ligand is interacting with the metal centre in 
an apical position, Pd S = 3.075(1) A. This structure is consistent with that 
determined by McAuley for [Pd([10]aneS 3) 21 2 , which also has the CH 2 CHICH 2 
linkage in the basal plane.' The alternative coordination, with a CH 2CHI linkage 
in the basal plane, was seen in the structure of [Pd([10]aneS 3) 2] 2 deterTnined by 
Grant. 177a 
Pd - 5(1) 2.266( 2) C(3) - S(4) 1.814( 4) 
Pd - S(4) 3.075( 1) S(4) - C(5) 1.819( 4) 
Pd - S(7) 2.268( 2) - C(6) 1.515(5) 
Pd - CI(l) 2.348( 2) - S(7) 1.806(4) 
Pd - CI(2) 2.337( 2) S(7) - C(8) 1.817(4) 
S(1) - C(2) 1.810(3) - C(9) 1.515(5) 
S(1) - C(10) 1.819(3) - C(10) 1.506(4) 
C(2) - C(3) 1.515(5) 
Table 9.1: Selected Bond Lengths (A) for [Pd([10]aneS 3)C1 2] with standard 
deviations 
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S(1) - Pd - S(4) 83.36( 3) - C(3) - S(4) 115.8(2) 
S(1) - Pd - S(7) 99.66( 6) - S(4) - C(5) 103.0( 2) 
S(4) - Pd - S(7) 81.98( 3) S(4) - C(S) - C(6) 115.5(3) -  
S(1) - Pd - CI(l) 83.49( 6) Pd - S(4) - C(3) 89.96(11) 
S(4) - Pd - C1(1) 102.39( 3) Pd - S(4) - C(5) 91.79(12) 
S(7) - Pd - CI(l) 174.95( 3) - C(6) - S(7) 117.9( 2) 
S(1) - Pd - CI(2) 175.11( 3) - S(7) - C(8) 101.6(2) 
S(4) - Pd - C1(2) 99.30( 3) S(7) - C(8) - C(9) 114.3(2) 
S(7) - Pd - C1(2) 84.83( 7) Pd - S(7) - C(6) 105.17(13) 
CI(2) - Pd - CI(1) 91.91( 7) Pd - S(7) - C(8) 114.94(13) 
Pd -S(1) - C(2) 102.67(12) - C(9) - C(10) 114.0(3) 
Pd - S(1) - C(10) 115.49(12) - C(10) - S(1) 114.1(2) 
S(1) - C(2) - C(3) 117.4( 2) - S(1) - C(2) 102.7(2) 
Table 9.2: Selected Bond Angles (°) for  Pd([10]aneS3)Cl2]  with standard 
deviations 
5(1) - C(2) - C(3) - S(4) -66.2(3) 
C(2) - C(3) - S(4) - C(5) 122.5(3) 
C(3) - S(4) - C(5) - C(6) -119.3(3) 
S(4) - C(S) - C(6) - S(7) 62.0(4) 
C(S) - C(6) - S(7) - C(8) 62.3(3) 
C(6) - S(7) - C(8) - C(9) -143.9(3) 
S(7) - C(8) - -  80.4(3) 
C(8) - C(9) - C(10) - 5(1) -79.2(3) 
 - C(10) - 5(1) - C(2) 140.4(2) 
- 5(1) - C(2) - C(3) -60.4(3) 
Table 9.3: Selected Torsion Angles (°) for [Pd([10]aneS 3)Cl2 with standard 
deviations 
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9.2.3 [Pd([9]aneNS2)C 1 2] 
Comparison of the complexes [Pd([9]aneS 3)C1 2} and [Pd([9]aneNS 2)C1 2] will 
provide information on the effect of changing one of the soft S-donors of [9]aneS 3 
to a hard N-donor. 
Reaction of PdCl 2 with one molar equivalent of [9]aneNS 2 in a mixed CH3CN 
and CHC13 solvent resulted in an orange solution, which yielded an orange solid on 
removal of the solvent. The product was purified by recrystallisation from 
DMF - Et20. The FAB mass spectrum of this product gave a molecular ion at M 
= 163, which was assigned to the ligand [9]aneNS 2 . Elemental analysis and JR 
spectroscopy confirmed that this product was [Pd([9]aneNS 2)C12]. Further 
confirmation is obtained from the nmr spectra. The 'H nmr spectrum in DMSO 
shows a complex multiplet at 6 = 2.88 - 3.27 ppm, corresponding to the 
macrocyclic protons. Another resonance, a broad singlet is seen at 6 = 6.71 ppm, 
assigned to the amine proton. The ' 3C nmr spectrum shows resonances at S = 34.3 
and 35.6 ppm, assigned to the CH 2S groups, and at S = 55.7 ppm, corresponding 
to the CH2N groups. 
9.2.4 Structural Determination of [Pd([9]aneNS 2)Cl2] 
In order to establish the N,S coordination of the complex [Pd([9]aneNS2)C 1 2], 
a single crystal X-ray structural determination was carried out. The details of the 
structure solution are given in Section 9.4.4. Selected bond lengths, angles and 
torsions are given in Tables 9.4 - 9.6, and a diagram of the molecule given in Figure 
9.10. [Pd([9]aneNS 2)C11J forms crystals in the space group Pca2 1 , and contains four 
independent molecules in the unit cell. The crystal structure of [Pd([9]aneNS ,)CI ,] 
shows primary NSCI2 coordination, with the Pd metal centre bound to both Cl 
atoms, the N-donor and one S-donor of the macrocycle in a square planar 
arrangement, Pd - Cl = 2.313(3) - 2.341(2) A, Pd - N = 2.019(6) - 2.040(6) A, 
Pd - S = 2.238(2) - 2.246(2) A. The remaining S-donor of the macrocycle interacts 
with the metal centre at long range, Pd S = 2.947(2) - 3.146(2) A. 
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Figure 9.10: Crystal Structure of [Pd([9]aneNS2)C12J 
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Pd(1) - N(17) 2.040( 6) C(12) - C(13) 1.550(11) 
Pd(1) - S(11) 2.238( 2) C(13) - S(14) 1.810( 8) 
Pd(1) - S(14) 3.146( 2) S(14) - C(15) 1.821( 8) 
Pd(1) - Cl(11) 2.325( 2) C(15) - C(16) 1.491(11) 
Pd(1) - CI(12) 2.329( 2) C(16) - N(17) 1.498(10) 
S(11) - C(12) 1.796( 7) N(17) - C(18) 1.494(10) 
S(11) - C(19) 1.841( 9) C(18) - C(19) 1.509(12) 
Pd(2) - N(27) 2.038( 7) C(22) - C(23) 1.503(11) 
Pd(2) - S(21) 2.246( 2) C(23) - S(24) 1.805( 9) 
Pd(2) -S(24) 2.954( 2) S(24) - C(25) 1.811( 9) 
Pd(2)- CI(21) 2.328( 2) C(25) - C(26) 1.515(12) 
Pd(2) - Cl(22) 2.336( 2) C(26) - N(27) 1.493(10) 
S(21) - C(22) 1.820( 8) N(27) - C(28) 1.493(10) 
S(21) - C(29) 1.820( 8) C(28) - C(29) 1.500(12) 
Pd(3) - N(37) 2.019( 6) C(32) - C(33) 1.507(12) 
Pd(3) - S(31) 2.245( 2) C(33) -S(34) 1.805( 9) 
Pd(3) - S(34) 3.048( 2) S(34) - C(35) 1.825( 8) 
Pd(3) - CI(31) 2.330( 2) C(35) - C(36) 1.489(12) 
Pd(3) - C1(32) 2.313( 3) C(36) - N(37) 1.481(10) 
S(31) - C(32) 1.805( 8) N(37) - C(38) 1.466(10) 
S(31) - C(39) 1.835( 9) C(38) - C(39) 1.472(11) 
Pd(4) - N(47) 2.040( 6) C(42) - C(43) 1.513( 8) 
Pd(4) - S(41) 2.243( 2) C(43) -S(44) 1.834( 8) 
Pd(4) - S(44) 2.947( 2) S(44) - C(45) 1.818( 9) 
Pd(4) - CI(41) 2.341( 2) C(45) - C(46) 1.507(12) 
Pd(4) - C1(42) 2.329( 2) C(46) - N(47) 1.504(10) 
S(41) - C(42) 1.798( 9) N(47) -  1.501(10) 
S(41) - C(49) 1.810( 8) C(48) -  1.523(11) 
Table 9.4: Selected Bond Lengths (A) with standard deviations of 
[Pd ([9]aneNS9)C11] 
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S(11) - Pd(1) - S(14) 80.33( 6) S(11) - C(12) - C(13) 119.1(5) 
S(14) - Pd(1) - N(17) 78.19(17) - C(13) - S(14) 116.6(5) 
N(17) - Pd(1) - S(11) 87.3( 2) - S(14) - C(15) 102.5( 4) 
N(17) - Pd(1) - Cl(11) 88.0( 2) S(14) - C(15) - C(16) 117.4( 6) 
S(11) - Pd(1) - C1(11) 171.7( 1) Pd(1) - S(14) - C(13) 92.39(25) 
S(14) - Pd(1) - C1(11) 105.42( 6) Pd(1) - S(14) 	C(15) 84.47(27) 
N(17) - Pd(1) - C1(12) 178.0(2) C(15) - C(16) - N(17) 118.2( 7) 
S(11) - Pd(1) - CI(12) 90.7( 7) C(16) 	N(17) - C(18) 412.7( 4) 
S(14) - Pd(1) - C1(12) 101.59(6) Pd(1) - N(17) - C(18) 111.8( 5) 
C1(11) - Pd(1) - CI(12) 94.0(1) Pd(1) - N(17) - C(16) 112.7( 4) 
C(12) - S(11) C(19) 101.7( 4) N(17) - C(18) - C(19) 112.4( 7) 
Pd(1) - S(11) - C(12) 106.7( 3) S(11) - C(19) - C(18) 108.4( 6) 
Pd(1) - S(11) - C(19) 100.7( 3) 
S(21) - Pd(2) - S(24) 85.70( 6) S(21) - C(22) - C(23) 119.9( 6) 
S(24) - Pd(2) - N(27) 91.72(26) - C(23) - S(24) 117.5(6)  
N(27) - Pd(2) - S(21) 85.8( 2) - S(24) - C(25) 103.3( 4) 
N(27) - Pd(2) - C1(21) 88.7( 2) S(24) - C(25) - C(26) 117.7( 6) 
S(21) - Pd(2) - C1(21) 173.2(l) Pd(2) - S(24) - C(23) 91.72(26) 
S(24) - Pd(2) - CI(21) 97.55( 7) Pd(2) - S(24) - C(25) 80.63(27) 
N(27) - Pd(2) - C1(22) 174.2( 2) - C(26) - N(27) 114.2( 7) 
S(21) - Pd(2) - C1(22) 89.6( 7) - N(27) - C(28) 108.9( 6) 
S(24) - Pd(2) - C1(22) 100.61( 6) Pd(2) - N(27) - C(28) 107.8( 5) 
CI(21) - Pd(2) - Cl(22) 95.7( 1) Pd(2) - N(27) - C(26) 117.8( 5) 
C(22) - S(21) - C(29) 105.8( 4) N(27) - C(28) - C(29) 110.8( 6) 
Pd(2) - S(21) - C(22) 100.2( 3) S(21) - C(29) - C(28) 109.9( 5) 
Pd(2) - S(21) - C(29) 105.4( 3) 
S(31) - Pd(3) - S(34) 81.14( 7) S(31) - C(32) - C(33) 118.6( 5) 
S(34) - Pd(3) - N(37) 93.35(28) - C(33) - S(34) 116.9( 6) 
N(37) - Pd(3) - S(31) 87.5( 2) - S(34) - C(35) 102.8( 4) 
Table 9.5 (Continued Overleaf) 
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N(37) - Pd(3) - C1(31) 89.0( 2) S(34) - C(35) - C(36) 118.8( 6) 
S(31) - Pd(3) - Cl(31) 171.1( 1) Pd(3) - S(34) - C(33) 93.35(28) 
S(34) - Pd(3) - CI(21) 106.48( 7) Pd(3) 	S(34) - C(35) 83.36(27) 
N(37) - Pd(3) - CI(32) 177.0( 2) - C(36) - N(37) 117.7( 7) 
S(31) - Pd(3) - Cl(32) 89.5( 1) - N(37) - C(38) 116.9( 7) 
S(34) - Pd(3) - CI(32) 97.98( 8) Pd(3) - N(37) - C(38) 112.7( 5) 
C1(31) - Pd(3) - CI(32) 94.0(2) Pd(3) - N(37) - C(36) 110.4( 5) 
C(32) - S(31) - C(39) 103.5( 4) N(37) - C(38) - C(39) 114.8( 6) 
Pd(3) - S(31) - C(32) 105.7( 3) S(31) - C(39) - C(38) 109.4( 6) 
Pd(3) - S(31) - C(39) 99.7( 3) 
S(41) - Pd(4) - S(44) 85.35( 7) S(41) - C(42) - C(43) 119.7( 6) 
S(44) - Pd(4) - N(47) 83.15(18) - C(43) - S(44) 114.8(6)  
N(47) - Pd(4) - S(41) 86.0( 2) - S(44) - C(45) 106.2( 4) 
N(47) - Pd(4) - CI(41) 87.5( 2) S(44) - C(45) - C(46) 115.9( 6) 
S(41) - Pd(4) - CI(41) 171.3( 1) Pd(4) - S(44) - C(43) 91.89(27) 
S(44) - Pd(4) - CI(41) 99.70( 7) Pd(4) - S(44) - C(45) 80.21(28) 
N(47) - Pd(4) - Cl(42) 177.4( 2) C(45) - C(46) - N(47) 117.0( 7) 
S(41) - Pd(4) - CI(42) 91.6( 1) C(46) - N(47) - C(48) 110.2( 6) 
S(44) - Pd(4) - CI(42) 95.69( 7) Pd(4) - N(47) - C(48) 110.1( 6) 
CI(41) - Pd(4) - CI(42) 95.0( 1) Pd(4) - N(47) - C(46) 115.6( 5) 
C(42) - S(41) - C(49) 103.6( 4) N(47) - C(48) - C(49) 110.2( 6) 
Pd(4) - S(41) - C(42) 105.7( 3) S(41) - C(49) - C(48) 110.6( 6) 
Pd(4) - S(41) - C(49) 101.0( 3) 
Table 9.5: Selected Angles (°) with standard deviations of [Pd([9]aneNS1)Cl.,] 
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It is the N-donor and one of the S-donors which coordinates to the metal 
centre, with the remaining S-donor interacting at the fifth site. This coordination 
mode is similar to that seen in the his-sandwich complex [Pd([9]aneNS2)2I 2 
discussed in Chapter 4. The Pd - N and Pd - S bond lengths of 
[Pd([9]aneNS2)C12] are significantly shorter than the corresponding bond lengths 
in [Pd([9]aneNS2)212, due to the trans effect of the chlorine atoms. This is shown 
in Table 9.7. Substituting a N-donor in place of a S-donor has very little effect on 
the Pd - S bond distance or on the length of the Pd S interaction. This can be 
seen by comparing the bond distances of [Pd([9aneNS 2)Cl2] with those of 










Pd - N 2.040(6) 2.038(7) 2.019(6) 2.040(6) 2.081(9) 
Pd - S 2.238(2) 2.246(2) 2.245(2) 2.243(2) 2.322(3) 
Pd 	S 3.146(2) 2.954(2) 3.048(2) 2.947(2) 3.011(3) 
Molecules 1, 2 ,3 and 4 are independent molecules of [Ya(19janeNS 2)U121 
Table 9.7: Summary of Selected Bond Lengths (A) for [Pd([9]aneNS2)C 1 2] and 
[Pd([9]aneNS2)2] 2 
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9.2.5 [Pd(Me[9]aneNS2)C 1 21 
The structure of the complex [Pd(Me[9]aneNS2)2]2 revealed a very 
interesting stereochemistry, as discussed in Section 4.2. This structure shows the Pd 11 
metal centre coordinated to the two S-donors from each of the macrocycles to form 
a square plane, with both the remaining N-donors potentially interacting at the apical 
sites. We hoped to see the same possible Pd N interactions in the half-sandwich 
complex [Pd(Me[9]aneNS2)C12]. 
Reaction of PdC1 2  with one molar equivalent of Me[9]aneNS2 in.a mixed 
CH3CN and CHCI 3  solvent resulted in an orange solution. An orange solid was 
isolated from the reaction mixture by removing the solvent. This product was 
recrystallised from DMF - Et20. Elemental analysis and JR spectroscopy confirmed 
this product to be [Pd(Me[9aneNS 2)Cl21. The 'H nmr spectrum of this product in 
DMSO shows a complex multiplet at S = 2.95 - 3.35 ppm, which is assigned to the 
macrocyclic protons. No resonance is seen for the methyl protons, suggesting that 
they are masked by the resonances of the solvent, 8 = 2.49 - 2.55 ppm. Satisfactory 
crystals for X-ray diffraction studies could not be grown, so no structural data were 
obtained. The most probable structure for this complex is a square plane, with the 
Pd' metal centre bound to both Cl atoms and both S-donors and the N-Me group 
possibly interacting at an apical position, as seen in the bis-sandwich complex 
[Pd(Me[9]aneNS 2) 2 2 discussed in Chapter 4. 
9.2.6 [Pt([9]aneNS 2)C12] 
PtC12 and [9]aneNS2  were reacted in a 1:1 ratio of CH 3CN and CHCI 3 , 
resulting in a yellow solution. A yellow product was obtained on the addition of 
Et20, which was recrystallised from DMF - Et,O. Elemental analysis and JR 
spectroscopy confirmed the assignment of this product as [Pt([9]aneNS 2)C12]. The 
'H nmr spectrum showed a complex multiplet at 6 = 2.88 - 3.31 ppm, which was 
assigned to the macrocyclic protons. A broad singlet was observed at 6 = 7.75 ppm, 
corresponding to the amine proton. The 13C nmr spectrum shows resonances at 6 = 
32.5 and 34.0 ppm, assigned to the CH2S groups, and at S = 55.7 ppm, 
corresponding to the C11 2N groups. No crystals suitable for X-ray diffraction studies 
were obtained, therefore no structural data are available. The most probable structure 
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contains the metal in a square planar geometry, coordinated to both halide atoms, the 
N-donor and one of the S-donors, with the remaining S-donor interacting in an apical 
position. This structure is analogous to that found in the Pd' complex 
[Pd([9]aneNS)Cl2] discussed in Section 9.2.4, and to the bis-sandwich complex 
[Pt([9]aneNS2)2I2 discussed in Chapter 5. 
9.2.7 [Pt(Me[9]aneNS2)C 12] 
The substitution of different groups onto the N-donor of the macrocycle can 
have a large difference on the properties of the ligand. This was seen in Chapters 
4, 5 and 6. The effect of substituting a Me group onto the N-donor of [9]aneNS2 
may cause a very different coordination geometry to that found in 
[Pt([9]aneNS2)Cl2]. 
The addition of Me[9]aneNS2  to an equimolar amount of PtCl 2 in a mixed 
CH3CN and CHC1 3  resulted in a yellow solution, which yielded a pale yellow 
product on the addition of Et20. This product was purified by recrystallisation from 
DMF - Et20. The FAB mass spectrum of this product shows molecular ions at M 
444 and 407, which were assigned to [Pt(Me[9]aneNS2)Cl2] and 
[Pt(Me[9]aneNS2)Cl] The assignment of this product as {Pt(Me[9]aneNS2)C 1 2] was 
confirmed by elemental analysis and IR spectroscopy. The 'H nmr spectrum shows 
a complex multiplet at 5 = 2.83 - 3.35 ppm, assigned to the macrocyclic protons. 
No resonances are observed for the methyl protons, suggesting that they are masked 
by the resonances of the solvent, 6 = 2.35 - 2.50 ppm. No crystals suitable for 
X-ray diffraction data were obtained, so no structural data are available. The most 
likely structure for this complex contains the Pt' metal centre bound to both Cl 
atoms and both S-donors in a square plane, with the N-Me group possibly interacting 
in an apical position. This is similar to the complex [Pd(Me[9]aneNS2)2] 2  discussed 
in Chapter 4. 
9.2.8 Synthesis of Me3[9]aneN3 
In order to extend the effect of substituted N-donors on the chemistry of the 
macrocyclic ligand, the tn-N-substituted ligand Me3[9]aneN3  was synthesised. By 
adapting the method of Icke et al,'°3 this was carried out in an analogous way to the 
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methylation of [9]aneNS2.  The reaction of [9]aneN 3 with formic acid and 
paraformaldehyde in water results in a pale yellow oil after basification and 
extraction into CH0 3 . A colourless oil was produced after purification by passing 
through silica. 
9.2.9 {Pt(Me3[9]aneN3)C 12] 
The reaction of Me3 [9]aneN3 with an equimolar amount of PtCl 2 in a mixed 
CH3CN and CHCI 3 solvent resulted in a green solution. A yellow-orange--solid was 
isolated on the addition of Et20, which was purified by recrystallising from DMF - 
Et20. The FAB mass spectrum of this product showed molecular ions at M = 
454, 436 and 400, which were assigned to [Pt(Me3 [9]aneN3)Cl2(HO)], 
[Pt(Me3 [9]aneN3)C1 2] and [Pt(Me3[9]aneN3)Cl]t  This product was confirmed as 
[Pt(Me3 [9]aneN3)C1 2] by elemental analysis and JR spectroscopy. The 'H nmr 
spectrum showed a complex multiplet at 5 = 2.81 - 3.54 ppm, assigned to the 
macrocyclic protons, and singlets at S = 2.50 and 2.57 ppm, which correspond to 
the methyl groups of the N-donors, with the NMegroups bound to the metal giving 
a resonance at higher chemical shift. The ' 3 C nmr spectrum shows two resonances; 
at S = 60.9 ppm, assigned to the macrocycle, and at S = 42.0 ppm, corresponding 
to the methyl groups. Only two resonances are seen in the ' 3 C nmr spectrum, 
indicating that the complex is fluxional on the "C nmr timescale. No structural data 
are available. The most probable structure has the Pt" metal centre bound to two 
N-donors of the macrocycle and to the two Cl atoms in a square plane, with the 
remaining N-donor possibly interacting at the apical site. This is the expected 
structure as it is analogous to that found in the complex 
[Pd(Me3[9]aneN3) (NCMe)1] 2 . 
9.3 Conclusions 
The complexes [Pd ([1 0]aneS 3 )Cl,J, 	[Pd( [9]aneNS , )Cl , ], 
[Pd(Me[9]aneNS 2)C1 21, [Pt([9]aneNS 2)Cl,], [Pt(Me[9]aneNS,)Cl,] and 
[Pt(Me3[9]aneN3)C 12] have been synthesised. The crystal structures of 
[Pd([ 1 0]aneS 3)C12] and [Pd([9]aneNS2)C12]  have been determined. 
The complex [Pd([10]aneS 3)Cl2] adopts a square pyramidal geometry, with 
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the metal centre bound to a square plane of two Cl atoms and S-donors of the 
macrocycle, which are connected by a propyl linkage. This is similar to the bis-
sandwich complex [Pd([10]aneS 3)2]2 reported by McAuley, but different to the 
[Pd([10]aneS3)2
]2 
 complex reported by Grant. The remaining S-donor interacts at 
an apical position, completing the square pyramidal geometry. 
The half-sandwich complex [Pd([9]aneNS 2)Cl7] adopts a similar structure to 
its bis-sandwich analogue, as it is the N-donor and one of the S-donors which 
coordinate to the metal centre. The overall geometry of the complex is square 
pyramidal, with the square base completed by the two Cl atoms and the remaining 
S-donor interacting at a fifth apical site. 
The structures of {Pd(Me[ 9]aneNS2)C 1 2], 	[Pt([9]aneNS-,)Cl ,], 
[Pt(Me[9]aneNS2)Cl2 and  [Pt(Me3[9]aneN3)Cl2]  could not be obtained as no suitable 
crystals were, grown. By analogy to the bis-sandwich complexes, it is suggested that 
these complexes all form square planar geometries around the metal centres, with 
the metal centres coordinated to the two halide atoms and two of the macrocyclic 
donors, with possible apical interactions between the metal centre and the third 
remaining macrocyclic donor. 
9.4 Experimental Procedure 
9.4.1 Synthesis of [Pd([ 10]aneS3)C 12] 
PdC12 (0.0369 g, 2.08 X 10 moles) was dissolved in hot CH 3 CN (25 cm3), 
and [10]aneS 3 (0.0402 g, 2.07 X 10 moles) in CHC13 (5 cm3) added dropwise. The 
SQiution was refluxed for 6 hours under N2, resulting in an orange solution. After 
allowing to cool, the solvents were removed under vacuum, giving an orange solid. 
This product was recrystallised from DMF - Et,O and dried in vacuo. Yield = 68 %. 
Elemental analysis: found %C = 21.62, %H = 3.66; calculated for 
[Pd([10]aneS 3)Cl,] %C = 22.62, %H = 3.80. 'H nmr spectrum (DMSO, 298 K) 
= 1.89 - 2.34 (m, 2H, CH2CH2CHI),  2.97 - 3.49 ppm (m, 12H, CH,'). ' 3 C nmr 
spectrum (DMSO, 298 K) 6 = 25.3 (CHHICH 2), 29.3 (cHICHCH2), 36.1 ppm 
(HICH2S). Another resonance is probably hidden under the solvent resonances. IR 
spectrum (KBr disk): 3420, 2955, 2920, 2850, 1655, 1405, 1085, 625 cm'. 
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9.4.2 Single Crystal Structure of [Pd([10aneS 3)Cl2I 
Crystals of [Pd([10]aneS 3)C12] were grown by slow evaporation of a solution 
of the complex in H20. A red lath (0.76 x 0.30 x 0.20 mm 3) suitable for X-ray 
analysis was mounted in an Araldite film on a Stoe Stadi-4 four circle 
diffractometer. 
Crystal data: [C7H 14S 3PdC12].CH3NO2 , M = 432.73, triclinic, space group P1, a 
= 7.655(5), b = 8.067(4), c = 12.541(10) A, a = 81.70(5), J3 = 78.07(5), y = 
86.03(4)°, U = 749 A (from setting angles for 11 reflections measured at ±0), 30 
~ 20 :!~ 32°, ?. = 0.71073 A), D = 1.034 gcm 1 , Z = 1, p. = 1.916 mm 1 , F(000) 
= 414. 
Data collection and processing: Graph ite-monochromated Mo-K a X-radiation, T = 
298 K, 0)-2e scans with 0) scan width (0.99 + 0.347tan0)°, unique data measured 
(5 :!~ 20 :!~ 45 0), h -7 to 8, k-8 to 8, 10 to 13, giving 1795 with F~! 4(F) for use 
in all calculations. 
Structure analysis and refinement: A Patterson synthesis located the Pd atom and 
iterative cycles of least-squares refinement and Fourier difference synthesis located 
the remaining non-H atoms. Refinement (by least squares on p) 136 with anisotropic 
thermal parameters for all non-H atoms and with H-atoms in fixed calculated 
positions converged at R, R' = 0.0183, 0.0252JS = 1.096 for 500 parameters, and 
the final AF synthesis showed no feature above 0.2 eA. The weighting scheme w4 
= a2(F) + 0.000077F2 gave satisfactory agreement analyses and in the final cycle 
was 0.018. 
9.4.3 Synthesis of [Pd([9]aneNS2)C 12] 
To CH3CN (25 cm') was added PdCl 2 (0.0.0436 g, 2.56 x 10 moles) and 
heated until dissolved, then [9]aneNS2  (0.0407 g, 2.49 X 10 moles) in CHC1 3 
(5 cm3) was added dropwise and the resulting orange solution refluxed for 6 hours 
under N2 . The solution was allowed to cool, and the solvent removed, giving an 
orange solid which was recrystallised from DMF - Et20 and dried in vacuo. Yield 
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= 55%. Elemental analysis: found %C = 21.34, %H = 3.59, %N = 5.16; 
calculated for [Pd([9]aneNS2)Cl2] %C = 21.16, %H = 3.85, %N = 4.11. El mass 
spectrum: found M = 163; calculated for [9]aneNS2, M'  = 163. 1 H nmr spectrum 
(DMSO, 298 K) S = 2.88 - 3.27 (m, 12H, CH2), 6.71 ppm (br. s, 1H, NH). ' 3C 
nmr spectrum (DMSO, 298 K) S = 34.3, 35.6 (CH2S), 55.7 ppm (CH2N). I  
spectrum (KBr disk): 3495, 3420, 3000, 2960, 2850, 1645, 1450, 1420 cm - '. 
9.4.4 Single Crystal Structure of [Pd([9]aneNS 2)C12] 
Crystals of [Pd([9]aneNS2)C12] were grown by diffusion of Et 20 vapour into 
a solution of the complex in dmf. An orange block (0.35 x 0.18 x 0.10 mm 3) 
suitable for X-ray analysis was mounted on a Stoe Stadi-4 four circle diffractometer. 
Crystal data. [C6H 13C12PdS 2], M = 340.59, cubic, space group Pna21 , a = 
13.377(2), b = 22.456(10), c = 14.367(3) A, U = 4316 A3 (from 20 values of 20 
reflections measured at ±(, 30 :!~ 20 :!~ 32°, X = 0.71073 A), Dc, = 2.097 gcm 3 , 
Z = 16, p. = 2.549 mm', F(000) = 2688. 
Data collection and processing: 	Graph ite-monochromated Mo-Ku X-radiation, 
T = 293(2) K, o-20 scans with i1 scan width (0.99 + 0.347tan0)°, 2778 unique 
data measured (5 :5 20 :~ 45 0), h 0 —). 12, k -24 —* 0, 1 0 --> 15. 
Structure refinement and Analysis: 
Direct methods and iterative cycles of least-squares refinement and Fourier 
difference synthesis located the remaining non-H atoms. Refinement (by least squares 
on F2) 186 with anisotropic thermal parameters for all non-H atoms, and with H-atoms 
in fixed calculated positions, converged at R, [F>4a(F)] = 0. 0343, wR 2 = 0.0728, 
S[F2] = 1.664 for 434 parameters, and the final AF synthesis showed no feature 
above 0.85 eA. The weighting scheme w = [o2(F02) + (0.04 1p)2  + 22.5P], P = 
1/3[MAX(F02 ,0) + 2F 2], gave satisfactory agreement analyses and in the final cycle 
(AIcY)max was 0.018. 
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9.4.5 Synthesis of [Pd(Me[9]aneNS2)C 1 21 
PdC12 (0.035 g, 1.97 X 10 moles) was added to CH 3CN (25 cm3) the 
mixture was heated until the salt dissolved. A solution of Me[9]aneNS2  (0.035 g, 
1.97 x 10 moles) in CHCI3 (5 cm3) was added dropwise, and the resulting orange 
solution refluxed for 4 hours. The solvent was removed and the resulting orange 
precipitate recrystallised from CH 3CN - CH 3NO, - Et,O and dried in vacuo. Yield 
= 70%. Elemental Analysis: found %C = 23.41, %H = 4.16 %N = 3.87; 
calculated for [Pd(Me[9]aneNS 2)C121 %C = 23.71, %H = 4.26, %N = 3.95. 'H 
nmr spectrum (DMSO, 298 K) S = 2.95 - 3.35 ppm (m, 12H, CH 2). JR spectrum 
(KBr disk): 3475, 2920, 1620, 1445, 1400 cm'. 
9.4.6 Synthesis of [Pt([9]aneNS 2)Cl2 
To CH3CN (25 cm3) was added PtCl 2 (0.0473 g, 1.8 x 10" moles) and 
heated until the salt dissolved. A solution of [9]aneNS2  (0.028 g, 1.7 x 10 moles) 
in CHC1 3 (5 cm3) was added slowly, and the resulting yellow solution refluxed for 
4 hours under N2 . The solution was allowed to cool, the volume of solvent reduced 
and the complex precipitated by the addition of Et10. A yellow product was obtained 
which was recrystallised from DMF - Et 20 and dried in vacuo. Yield = 75%. 
Elemental analysis: found %C = 15.95, %H = 3.24, %N = 3.40; calculated for 
[Pt([9]aneNS2)Cl1] %C = 16.79, %H = 3.05, %N = 3.26. 'H nmr spectrum 
(DMSO, 298 K) S = 2.88 - 3.31 (m, 12H, CH 2), 7.75 ppm (s, 1H, NH). ' 3 C nmr 
spectrum (DMSO, 298 K) S = 32.5, 34.0 (CH 2S), 55.7 (CH2N). JR spectrum (KBr 
disk): 3435, 2965, 2920, 2850, 1655, 1420, 1395, 1285, 815 cm'. 
9.4.7 Synthesis of [Pt(Me[9]aneNS ,) Cl2] 
To CH3CN (25 cm') was added PtCI1 (0.0538 g, 2.0 x 10 moles) and 
heated until the salt dissolved. A solution of Me[9]aneNS2  (0.035 g, 1.97 x 10 
moles) in CHCI 3 (5 cm3) was added slowly, and the resulting yellow solution left to 
reflux for 6 hours. The solution was allowed to cool, and the volume of solvent 
reduced and the product precipitated by the addition of Et,O. A pale yellow product 
was obtained, which was recrystallised from DMF - EtO and dried in vacuo. Yield 
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= 53%. Elemental Analysis: found %C = 19.67, %H = 3.41, %N = 4.17; 
calculated for [Pt(Me[9]aneNS 2)C121 1  %C = 18.97, %H = 3.4 1, %N = 3.16. FAB 
mass spectrum in 3-nitrobenzyl alcohol: found M = 444 and 407; calculated for 
[Pt(Me[9]aneNS2)C12] 	 442 
[Pt(Me[9]aneNS2)Cl] + 407 
nmr spectrum (DMSO, 298 K): 6 = 2.06 (3H, s, CH 3), 2.83 - 3.35 ppm (12H, 
m, CH2). The product was too insoluble to allow the collection of a 13C nmr 
spectrum. IRspectrum (KBr disk): 3425, 2965, 2790, 1450, 1405, 1325, 1110, 670 
cm. 
9.4.8 Synthesis of Me3 [9]aneN3 
By adapting the method of Icke et a1, 17 Me3[9]aneN3 was prepared in the 
same way as Me[9]aneNS 2 . To ice-cooled formic acid (98%, 11.25 cm') was added 
[9]aneN3 (0.197 g, 1.53 X 10-3 moles) and stirred in ice until the ligand had 
dissolved (about 5 minutes) to form a pale yellow solution. Paraformaldehyde (0.31 
g) was added, then water (15 cm 3). The mixture was heated and refluxed for 24 
hours under N2 . After allowing to cool, the pH of the solution was adjusted to pH 
14 by the addition of aqueous KOH solution. The ligand was extracted with CHCI 3 
(10 X 20 em') and the extracts dried over MgSO 4 . The MgSO4 was filtered off and 
the solvent removed under vacuum. The resulting pale yellow liquid was purified by 
passing a solution of the product in CHC1 3 through a pad of silica. Yield = 74%. 
9.4.9 Synthesis of [Pt(Me 3 [9]aneN3)Cl2] 
PtC1 2 (0.062 g, 2.3 x 10 moles) was dissolved in hot CH3CN (25 cm') and 
Me3[9]aneN3 (0.040 g, 2.3 x 10 moles) in CHC1 3 (5 cm3) added slowly, and the 
green solution refluxed for 6 hours, under N 2 . The solvent was removed, and the 
resulting green solid recrystallised from DMF - EtO, giving a yellow-orange solid 
on drying in vacuo. Yield = 62%. Elemental Analysis: found %C = 21.20, %H = 
3.94, %N = 8.73; calculated for [Pt(Me3[9]aneN3)Cl2],  %C = 24.72, %H = 4.84, 
= 9.61. FAB mass spectrum in 3-nitrobenzyl alcohol: found M = 454, 436 
and 400; calculated for 
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[Pt(Me3[9]aneN3)C12(H20)] 	 454 
[Pt(Me3[9]aneN3)C12] 	 436 
[Pt(Me3[9]aneN3)C1] 	 401 
JR spectrum (KBr disk): 3490, 2915, 1665, 1595, 1455, 1045, 1005, 330(s) cm'. 
nmr spectrum (DMSO, 298 K) 5 = 2.81 - 3.54 (m, 12H, CH,), 2.57 (s, 6H, 
CH3  of MeN groups bound to metal centre) and 2.50 ppm (s, 3H, CH 3 of MeN 
group possibly interacting with metal centre). ' 3C nmr spectrum (DMSO, 298 K) 




Infrared spectra were recorded on a Perkin-Elmer 1600 Series FT-IR 
spectrometer. Fast Atom Bombardment and Electron Ionisation mass spectra were 
run on a Kratos MS 50TC spectrometer. Elemental analyses were performed by the 
University of Edinburgh Chemistry Department microanalytical service. UV/visible 
spectra were recoded on a Perkin-Elmer Lambda-9 spectrometer. 
1 H nmr spectra were recorded on a Brüker WP80, Brüker WP200 and AC250 
spectrometers, operating at 80.13, 200.13 and 250.13 MHz respectively. ' 3C nmr 
spectra were recorded on BrUker WP200 and AC250 spectrometers, operating at 
50.32 and 62.89 MHz respectively. 
Cyclic voltammetrywas performed using a conventional 3-electrode cell, with 
Pt counter and micro working electrode and a Ag/AgCl reference electrode, 
controlled by a BrUker 310 Universal Modular Polarograph. Controlled potential 
electrolysis was carried out using a 3-electrode H-type cell with a Pt basket working 
electrode. Spectroelectrochemical studies were carried out in an OTTLE (Optically 
Transparent Thin Layer Electrode) cell, using 3-electrodes - a Pt gauze working 
electrode, a Pt wire counter electrode and a Ag/Ag reference electrode. The 
potential was controlled by a Metrohm Herisau Polarecord E506, with the specra 
recorded by a Perkin-Elmer Lambda-9 spectrometer. 
X-band ESR spectra were recorded on a BrUker ER-2000 spectrometer, 
employing a 100kHz field modulation. Spectra were recorded as frozen glasses at 
77 K, under an atmosphere of N 2 . 
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A macrocycle abbreviated to [m]aneX has an m membered ring, containing 
n donor atoms, type X. For example, [9]aneS3  is a nine membered ring containing 
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;ynthesis, Structure and Electrochemistry of {Pd([9]aneNS2)2] -
BF4 ] 2  ([9]aneNS2 = 1,4Dithia-7-azacyclononane) 
lexander J. Blake, Rhona D. Crofts, Broer de Groöt and Martin Schröder° 
•epartment of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, UK 
The centrosymmetric purple-blue complex [Pd([9]aneNS 2 ) 2][BF4] 2  ([9]aneNS 2 = 1,4-dithia-7-aza-
cyclononane) shows a primary N.S. co-ordination, Pd—N(1) 2.081 (9), Pd—S(7) 2.322(3) A, with long-
range interactions to the two remaining S donors. PdS(4) 3.011(3) A; [Pd([9]aneNS 2 ) 2] 2 shows 
two one-electron oxidations at 'E = + 0.43 V and 2E+ = +0.84 V vs. ferrocene—ferrocenium assigned to 
Pd—Pd" and Pd—Pd" couples respectively. 
'e have studied a range of palladium(ii) complexes of S- and 
-donor macrocyclic ligands. 3 Our aims in this work were 
generate complexes which showed unusual co-ordination 
:ometries at Pd" and to investigate their redox behaviour. 
ne such complex, [Pd([18]aneN 2 S4)] 2 ([18]aneN 2 S4 
, 10,1 3-tetrathia-7, 1 6-diazacyclooctadecane), was of particu-
interest since it shows a distorted rac configuration with 
e palladium(ii) ion co-ordinated to an N 2S 2 donor set in a 
uare-planar configuration, Pd—S(1) 2.311(3), Pd—N(7) 
123(7), Pd—S(13) 2.357(3), Pd—N(16) 2.068(7) A, with the two 
niaining thioether S donors interacting with the metal 
ntre at long range, Pd . .. S(lO) 2.954(4), Pd ... S(4) 
)00(3) A. 2 The overall stereochemistry at Pd" is therefore 
tragonally distorted octahedral with a formal N 2 S 2 + S 2 co-
dination sphere. We wished to ascertain whether the 
served stereochemistry in rac-[Pd([18]aneN2 S 4)]2  was 
ntrolled by the configurational and conformational restric-
rns of the co-ordinated macrocycle, or whether the co-
dination at Pd" is simply electronically controlled by the 
etal—donor atom interactions. We have therefore undertaken 
study of the related palladium(ii) complex 
d([9]aneNS 2 ) 21 2  where there would be no configurational 
conformational restriction with respect to N- or S-co-ordina-
,n. 
Treatment of [Pd(NCMe) 4][BF4] 2 with 2 molar equivalents 
[9]aneNS 2t in MeCN afforded the purple-blue complex 
d([9]aneNS2)21[BF4]2 in high yield4 Analytical data, IR, 
B mass, 'H and ' 3 C NMR spectroscopy are all consistent 
th this formulation. The unusual colour of the complex 
ggested a 4 + 2 co-ordination at the palladium(Ii) centre as 
served in the related complexes [Pd([9]4neS 3) 2] 2 and 
d([18]aneN 2 S 4)] 2 . 2  In order to confirm this, and to 
certain the N,S ligation in the complex, a single-crystal 
rhe macrocycle [9]aneNS 2 was prepared by the method of McAuley' 
d Parker' and their respective co-workers. 
rhe complex [Pd(NCMe) 4][BF3] 2 (36 mg, 0.08 mmol) was treated 
th [9]aneNS 2 (30 mg, 0.18 mmol) in dry and degassed MeCN (2 cm') 
I h at room temperature. The resultant red-brown solution was 
luced in volume to 1 cm 3, and on addition of Et,O (5 cm 3) a purple- 
e precipitate was formed which was collected, recrystallised from 
CN—Et 2 0 and dried in vacua. Yield = 62% (Found: C. 23.20; H, 
5; N, 4.50. CaIc. for [Pd([9]aneNS2)2][BF4]2: C, 23.8; H, 4.30; N, 
0%). FAB mass spectrum (3-nitrobenzyl alcohol): m/: 519 and 432. 
Ic. for [Pd([9]aneNS 2) 3(BF4)] + ml: = 519 and [Pd([9]aneNS 2 ) 2] 
= 432. NMR (CD 3 CN, 298 K): ' 3 C (50.32 MHz), 8 52.0 (CH,N), 
.9 and 32.3 (CH 2 S); 'H (80 MHz), ö 5.42 (br s, 2 H, NH), 3.35-2.89 (m, 
H, CH,).  
structure determination was undertaken. The crystal structure 
of [Pd([9)aneNS 2)2][BF4] 2 shows (Fig. 1) primary N 2 S 2 co-
ordination, Pd—N(1) 2.081(9), Pd—S(7) 2.322(3) A, with long-
range interactions to the two remaining S donors, Pd.'. S(4) 
3.011(3) A. In the 4 + 2 co-ordination at Pd" in CPd([9]-
aneNS 2) 2 1 2 , it is therefore the two S donors rather 
than the N donors that interact with Pd" at long range. This is 
consistent with the relative size and polarisability of thioether S 
donors compared to the stronger a-donor N atoms. The co-
ordinatiOn at Pd" in [Pd([9]aneNS2)2]2 1  is therefore very 
similar to that in [Pd([ I 8]aneN2  S,)] 21 2 except that the former 
adopts a fac configuration as expected for the face-capping 
tridentate ligand, while the latter shows a rac configuration. 
I' 	 . sTh 
HN 	 NH 
~—N—> 	~'s Sj 
H 
[9]aneNS2 	 [18]aneN2S4 
§ Crystals of [Pd([9]aneNS.) 2][BF4] 2 were grown by slow 
evaporation of a solution of the complex in MeCN. A purple block 
(0.56 x 0.56 x 0.74 mm) suitable for X-ray analysis was mounted in 
the cold stream of an Oxford Cryosystems low-temperature device," on 
a Stoë Stadi-4 four-circle diffractometer. Crystal data. C, 2 H, 6 B,F,- 
N 2 PdS3, M = 642.54. monoclinic, space group P2,1c, a = 9.662(12), 
b = 7.419(5), c = 16.291(9) A, 0 = 94.52(1 1)°, U = 1164 A 3 (from 29 
values of 14 reflections measured at ± to, 29 = 28-32°, X = 0.710 73 A), 
= 1.833 g cm, Z = 2 (implying that each cation lies on a 
crystallographic inversion centre), , = 1.206 mm', F(000) = 648. 
Graphite.monochromated ',lo-Km X-radiation, T = 150 K, to-20 scans 
with to scan width (1.50 + 0.347 tan 9)°, 1668 unique data measured 
(5 20 45°),h - lOw 10,kO-7,/O-17,giving 1348 with F 4o(F) 
for use in all calculations. A Patterson synthesis located the Pd atom 
and iterative cycles of least-squares refinement and Fourier difference 
synthesis located the remaining non-H atoms. At isotropic convergence, 
corrections (minimum 0.345, maximum 1.288) for absorption were 
applied using DIFABS.' Refinement (by least-squares on F)' with 
anisotropic thermal parameters for all non-H atoms (except B) and with 
H-atoms (amine H atoms not found) in fixed calculated positions 
converged at R, R' = 0.0892.0.1133, S = 0.911 for 133 parameters, and 
the final tFsynthesis showed no feature above 2.14 e k3 . The weighting 
scheme = a2 (F) + 0.000 250F 2 gave satisfactory agreement 
analyses and in the final cycle (A/O).,. was 0.066. Atomic coordinates, 
thermal parameters and bond lengths and angles have been deposited at 
the Cambridge Crystallographic Data Centre. See Instructions for 
Authors, J. Chem. Soc.. Dalton Trans., 1993, Issue 1, pp. xxiii-xxviii. 
Fig. 2 X-Band ESR spectrum (77K, MeCN-0.1 mol dm' NBu 4 PF6 ) 
of electrochemically generated d 7 [Pd([9]aneNS 2 ) 2] 3  + 
than by any conformational and configurational constraints of 
the macrocyclic ligands. The stabilisation f mononuclear 
radical species, in this instance d 7 Pd, reflects the imposed 
stereochemistry in the precursor palladium(ii) complexes. 
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'ig. 1 Structure of [Pd([9]aneNS 2 ) 2] 2  with the numbering scheme 
idopted: Pd-N(1) 2.081(9), Pd... S(4) 3.011(3), Pd-S(7) 2.322(3) A; 
4(1)-Pd-S(7) 81.7(3), N(1)-Pd . . . S(4) 85.8(3), S(7)-Pd . . . S(4) 
12.49(9)° 
Cyclic voltammetry of [Pd([9]aneNS2)2]2 + shows two 
:hemically-reversible oxidations at = + 0.43 V (E = 
140 mV) and 2 E = +0.84 V (E = 130 mV) vs. ferrocene-
èrrocenium assigned to Pd" Pd .. and Pd"-Pd" couples 
espectively. The large peak-to-peak separations suggest signi-
icant changes in co-ordination geometry at Pd during these 
-edox changes. Coulometry confirms these to be one-electron 
Drocesses. Quantitative electrochemical oxidation of [Pd([9]- 
ineNS 2) 2] 2  in MeCN at a Pt gauze at ±0.7 V affords an 
range solution of [Pd([9]aneNS2)2]3 , the ESR spectrum of 
which shows (Fig. 2) a strong signal with g11 = 2.008, g 1 = 
2.058 consistent with a d 7 palladium(iii) centre 
.2.3.9  Super-
- erfine coupling to N donors is not observed for this species 
u gestirig, on the basis of previous work on related nickel(m) 
and palladium(iii) complexes, 3.9.10 that the N donors are bound 
n the equatorial xy plane, with S donors bound along the z 
axis, probably at a distance of ca. 2.5 A from the palladium(iii) 
entre. 3 The oxidation of [Pd([9]aneNS 2) 2] 2 to [Pd([9]-
aneNS 2 )2] 34  can also by monitored using electronic spectro-
electrochemistry. Thus, in situ elect rooxidation of [Pd([9]-
aneNS 2 ) 2] 24  260 nm (O max  = 11 450 dm 3 mol 1 
m)] at 243K in an optically transparent electrode cell 
proceeds isosbestically (X 50 = 280 nm) and quantitatively to 
afford [Pd([9]aneNS 2) 2] 3  Rrnax = 245(5400), 265(sh) (9600), 
328 (9000), 455 nm (Em  = 5400 dm' mol' cm-1 )]. Reduction 
back to the palladium(u) starting material occurs quantitatively 
reversibly and isosbestically. 
We have established that the observed N 2 S 2 + S2 co-
ordination (rather than the alternative S 4 ± N 2 binding) in 
[Pd([9]aneNS2)2]2 and [Pd([18]aneN 2 S 4)] 2 is electronic-
ally controlled by the metal-donor atom interactions rather 
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Synthesis, Structure and Electrochemistry of 
[Pt([1 O]aneS3)2J[PF6]2 ([1 O]aneS 3 = 1 ,4,7-trithiacyclodecane) 
Alexander J. Blake, Rhona D. Crofts and Martin Schräder° 
Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, UK 
The orange complex [Pt( [1 0]aneS 3) 21 [PF6] 2 (110] aneS 3 = 1 .4.7-trithiacyclodecane) is centro,symmetric 
with primary S co-ordination. Pt-S(5) 2.297(4). Pt-S(8) 2.309(4) A. with long-range interactions to the 
two remaining S-donors. Pt . .S(1) 3.233(4) A; [Pt([10]aneS 3 ) 2] 2  shows a broad two-electron 
oxidation centred at E+ = +0.35 V (vs. ferrocene-ferrocenium) assigned to a PtiLPtv  couple. 
We have studied a range of platinum(n) complexes of S-donor 
macrocyclic ligands.' 3 Our aims in this work were to generate 
complexes of unusual co-ordination geometries and to in-
vestigate their redox behaviour. One such complex, [Pt([9]-
aneS 3) 2][PF6] 2 , ([9]aneS 3 = 1,4,7.trithiacyclononane) is par-
ticularly interesting since it exhibits an unusual elongated 
square-based pyramidal geometry at Pt' (Fig. 1).2  This cation 
has a square-planar arrangement of two S-donors from each of 
the two macrocyclic crowns, Pt-S 2.246(8)-2305(8) A, with a 
third S-donor from one of the ligands interacting at an apical 
position, Pt ... 5 2.885(7) A. The sixth S-donor is non-
interacting, Pt . S 4.04 A. Thus, the co-ordination geometry 
around Pt" in [Pt([9]aneS 3 ) 2][PF6] 2 can be described as 
[4 + 1] with one non-interacting S-donor. 
I' 
l9laneS3 	[1 OJaneS3 
We wished to determine whether a similar stereochemistry 
would be observed for the complex cation [Pt([lO]aneS 3) 2] 2 + 
([10]aneS 3 = 1,4,7-trithiacyclodecane) incorporating the 
corresponding 10-membered macrocycle, or whether the 
greater flexibility of [I0]aneS 3 (ref. 4) would lead to a different 
overall geometry. We have, therefore, undertaken a structural 
and electrochemical study of [Pt([ I 0]aneS 3 ) 2] [PF6] 2 . 
Reaction ofK 2 PtCl 6 with 2 molar equivalents of [ lO]aneS 3 in 
water-methanol-acetonitrile (I : I : I v/v/v) affords, on addition 
of an excess of NH 4PF6, the orange complex [Pt([10]ane-
S 3) 2][PF6] 2 . Analytical data, fast atom bombardment mass 
spectrometry, IR, 1 H and 13C NMR spectroscopy are all 
consistent with this formulation.t The single-crystal X-ray 
structure of [Pt([]0]aneS 3) 2][PF6] 2 shows primary S 4 co- 
t The salt K 2 PtCI 6 (33.4 mg, 0.08 mmol) was treated with [lO]aneS 3 
(29.2 mg, 0.35 mmol) under reflux in a I 1:1 mixture of distilled water, 
methanol and acetonitrile (30 cm 3) for 3 h under N 2 . To the resulting 
bright yellow solution an excess of NH 4PF6 was added. The solvent 
was removed, and the resulting orange precipitate was recrystallised 
from nitromethane and diethyl ether and dried in vacua (Found: C, 18.9; 
H, 3.20. C, 4 H 28 F 12 P2 PtS 6 requires C, 19.2; H, 3.20%). NMR 
[(CD 3 ) 2 CO, 298 K]: 13 C (50.32 MHz), & 35.60, 34.90, 31.36 and 25.84 
(CH,.); 'H (360.33 MHz), & 3.47-3.87 (m, 32 H, CH 2) and 2.22-2.60 
(m, 2 H, CH 2). 
ordination in a square-planar arrangement, Pt-S(5) 2.297(4), 
Pt-S(8) 2.309(4) A, with long-range interactions to both the 
remaining S-donors, Pt ... 5(1) 3.233(4) A. This [4 + 2] co-
ordination at Pt" contrasts with the [4 + 1] binding observed 
in [Pt([9]aneS 3 ) 2][PF6] 2 ; the latter complex also shows a 
significantly shorter Pt... interaction. These structural 
differences are consistent with the larger, more flexible 
[l0]aneS 3 ring conferring aless strained geometry at Pt". The 
[4 + 2] co-ordination mode at Pt" has also been found for the 
larger ring complex [Pt([18]aneS 6)] 2 ([18]aneS 6 = 
1,4,7,10,13,1 6-hexathiacyclooctadecane). 3 
Recently, we have discovered that the solid-state structures of 
cationic thioether macrocyclic complexes, can be dependent 
upon the counter anion present,' especially when stereochemical 
mismatches between metal and ligand exist. We were therefore 
concerned that the structural differences between [Pt([9]ane- 
Crystals of [Pt([10]aneS 3 ) 21[PF6] 2 were grown by vapour diffusion 
of diethyl ether into a solution of the complex in MeNO 2. A yellow 
tablet (0.23 x 0.19 x 0.06 mm) suitable for X-ray analysis was selected 
and mounted on a StoE Stadi-4 four-circle diffractometer. 
Crystal data: C 14H, 3 F, 2P2 PtS 6.1.75CH 3N02 1 M = 980.4, mono-
clinic, space group C21c, a = 23.3767(19), b = 12.0450(12), c = 
11.2155(15) A, p = 94.346(10)0 , U = 3148.9 A 3 (from 29 values of 59 
reflections measured at ± to, 20 = 26_280, X = 0.710 73 A), Z = 4 
D, = 2.068 g CM-3, i = 5.08 mm'', F(000) = 1920. 
Data collection and processing: Stoë Stadi-4 diffractometer. graphite 
monochromated Mo-Km X-radiation, T = 298 K, w-20 scans with 
omega widths (0.99 + 0.347 tanO), 2662 data measured (5 20 < 450), 
h -25 to 25, k 0-12, 10-12), 1877 unique (R 1 ,, = 0.027), giving 3467 
with F >_ 4(F) for use in all calculations. Initial absorption correction 
was made using 'y scans (maximum, minimum transmission 0.397, 
0.267). Linear isotropic decay (Ca. 52%) was corrected for during data 
reduction. 
Structure solution and refinement: A Patterson synthesis located the 
Pt atom and iterative cycles of least-squares refinement and Fourier 
difference synthesis located the remaining non-hydrogen atoms. At 
isotropic convergence, corrections (minimum 0.894, maximum 1.192) 
for absorption were applied using DIFABS.' Refinement (by least 
squares on F) 6 with anisotropic thermal parameters for all ordered 
non-H atoms [except C(lO)], and with H atoms in fixed calculated 
positions, converged at R,R' = 0.0506, 0.0598, S = 3.150 for 187 
parameters, and the final iFsynthesis showed no feature above 2.19 e 
A -3 . The weighting scheme w' = a2(F) + 0.000 292F 2 gave satisfac-
tory agreement analysis and in the final cycle (±/a) m,. was 0.033. Atomic 
coordinates, thermal parameters and bond lengths and angles have 
been deposited at the Cambridge Crystallographic Data Centre. See 
Instructions for Authors, J. Chem. SOC., Dalton Trans., 1993, Issue 1, 
pp. xxiii-xxviii. 
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Fig. I View of[Pt([9]aneS 3 ) 2] 2  with numbering scheme adopted' 
F.,,. . View of[Pt([10]aneS 3 ) 2] 2 with numbering scheme adopted. 
Selected bond lengths (A) and angles (°): Pt-S(5) 2.297(4), Pt-S(8) 
2.309(4), Pt... S(l) 3.233(4), S(5)-Pt-S(8) 88.90(13), S(I)... Pt-S(5) 
94J19(12), S(1)... Pt-S(8) 80.28(12) 
S 3) 2] 2  and [Pt([10]aneS3)2 ]21 observed above might be due 
to packing effects and therefore potentially dependent upon the 
counter ion, rather than any conformational and configur-
ational differences between the 9- and 10-membered thioether 
macrocycles. A range of different salts of [Pt([9]aneS 3) 2] 2  + and 
[Pt([10]aneS 3) 2] 2 were prepared by metathesis reactions. 
Importantly, the single-crystal X-ray structures of [Pt([9]ane-
S 3) 2]X 2 (X = BPh 4 or PF6) both confirm [4 + 1] co-
ordination at Pt", with [Pt([l0]aneS 3) 2]X 2 (X = PF6 or BF,) 
both showing [4 + 2] co-ordination.' Interestingly, the 
structures of [Pd([9]aneS 3) 2][PF6] 2 9 and [Pd([10]aneS 3) 2 ]-
[PF6]2 10 show [4 ± 2] co-ordination at Pd". These results 
suggest that [4 + 1] co-ordination is indeed preferred 
for Pt" with [9]aneS 3," while [4 + 2] co-ordination is pre-
ferred with [10]aneS 3 . 
Cyclic voltammetry of [Pt([10]aneS 3) 2] 2 shows a broad, 
quasi-reversible oxidation centred at E= +0.35 V vs. 
ferrocene-ferrocenium, assigned to a Pt"-Pt" couple. The large 
peak-to-peak separation (ca. 300 mV) suggests a significant 
- nge in co-ordination geometry at the platinum centre during 
redox change. Coulometry confirms this oxidation to be an 
overall two-electron process. Quantitative electrochemical 
oxidation of [Pt([10]aneS3)2]2 1  in MeCN at a Pt gauze at a' 
potential of + 1.1 V (vs. ferrocene-ferrocenium) affords an 
initial yellow colour (assigned to the presence of [Pt([]0]ane- 
S 3) 2] 3 '} which fades to a pale yellow solution of [Pt([10]
aneS 3) 2]4 '. A weak ESR spectrum for the intermediate 
[Pt([10]aneS 3 ) 2 ] 3  + species can be obtained and this shows an 
anisotropic signal at 77 K (as a frozen glass) with g 1 = 2.062 
and g 11  = 1.989. No hyperfine coupling was discerned. The 
oxidation of [Pt([10]aneS 3) 2] 2 ' to [Pt([10]aneS 3 ) 2] 4 can 
also be monitored using electronic spectroelectrochemistry. 
Thus, in situ electrooxidation of [Pt([10]aneS 3) 2] 2  
245 (cm.. = 12 000) and 276 (Cmax = 8700 dm3 mol' 
cm')] at 243 K in an optically transparent electrode cell 
proceeds isosbestically (X,, = 230 and 250 nm) and quantit-
atively to afford [Pt([10]aneS 3 ) 2]4 [Ama ,, = 299 (e,,, = 
31 000) and 342 nm (sh) (e m.,,,, = 9500dm 3 mol' cm)]. The 
platinum(m) intermediate can be detected viaa low intensity 
absorption band at 405 nm which forms and decays during the 
course of the electrooxidation. This contrasts with the spectro-
electrochemistry of [Pt([9]aneS3)2]2 1  which, despite showing 
an overall two-electron oxidation, affords a relatively stable 
mononuclear platinum(iii) intermediate. Reduction of [Pt([ 10]-
aneS 3 ) 2]4 at +0.1 V (vs. ferrocene-ferrocenium) affords a 
product, assigned as a new platinum species [A ma, = 342 nm 
(Em = 4000 dm' mol'' cm- ')]; interestingly, reoxidation of 
this species to the platinum(iv) product occurs reversibly and 
isosbestically. 
Current work is aimed at assessing further the stereochemical 
and redox properties of these and related platinum(n) thioether 
complexes. ' 
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